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ABSTRACT
In Churchill et al., we used halo abundance matching applied to 182 galaxies in the Mg II Absorption-Galaxy
Catalog (MAGIICAT, Nielsen et al.) and showed that the mean Mg II λ2796 equivalent width follows a tight
inverse-square power law, Wr(2796) ∝ (D/Rvir)−2, with projected location relative to the galaxy virial radius
and that the Mg II absorption covering fraction is effectively invariant with galaxy virial mass, Mh, over the
range 10.7≤ logMh/M⊙ ≤ 13.9. In this work, we explore multivariate relationships between Wr(2796), virial
mass, impact parameter, virial radius, and the theoretical cooling radius that further elucidate self-similarity in
the cool/warm (T = 104−4.5 K) circumgalactic medium (CGM) with virial mass. We show that virial mass deter-
mines the extent and strength of the Mg II absorbing gas such that the mean Wr(2796) increases with virial mass
at fixed distance while decreasing with galactocentric distance for fixed virial mass. The majority of the absorb-
ing gas resides within D ≃ 0.3Rvir, independent of both virial mass and minimum absorption threshold; inside
this region, and perhaps also in the region 0.3 < D/Rvir ≤ 1, the mean Wr(2796) is independent of virial mass.
Contrary to absorber-galaxy cross-correlation studies, we show there is no anti-correlation between Wr(2796)
and virial mass. We discuss how simulations and theory constrained by observations support self-similarity of
the cool/warm CGM via the physics governing star formation, gas-phase metal enrichment, recycling efficiency
of galactic scale winds, filament and merger accretion, and overdensity of local environment as a function of
virial mass.
Subject headings: galaxies: halos — quasars: absorption lines
1. INTRODUCTION
Early models of galaxy formation were based on rel-
atively simple scenarios in which baryonic gas collapsed
in a monolithic structure due to gravitational instability
(Eggen, Lynden-Bell, & Sandage 1962) modulated by tran-
sient infalling post-collapse protogalactic fragments that
were chemically evolving (Searle & Zinn 1978). Follow-
ing the adoption of the dark matter paradigm, this sce-
nario matured into a model in which gas cooled as it ac-
creted into dark matter halos, condensed and relaxed in
the halo center, and formed stars (e.g., White & Rees 1978;
Silk & Norman 1981; Blumenthal et al. 1986; White & Frenk
1991; Mo & Miralda-Escude 1996; Maller & Bullock 2004).
As observational details emerged and theoretical ideas
evolved over the last decades, we collectively developed a
more complex picture of galaxy evolution in which stars
and gas are intimately linked in complex cycles involv-
ing galactic scale outflowing stellar driven winds, fila-
mentary accretion, major and minor galaxy mergers, and
the development of a hot coronal gas medium, all in the
context of dark matter halo evolution (e.g., Kereš et al.
2005, 2009; Dekel et al. 2009; Ceverino & Klypin 2009;
Oppenheimer et al. 2010; Schaye et al. 2010; Danovich et al.
2012; van de Voort & Schaye 2012; Ceverino et al. 2013).
Due to the primary role of gas in the global evolution of
galaxies, the connection between gas processes and galaxy
stellar masses, colors, luminosities, and morphologies, have
been explored with increasing sophistication using semi-
analytic models (e.g., Bullock et al. 2001b; Somerville et al.
2001; Hernquist & Springel 2003; Croton et al. 2006;
Henriques & Thomas 2010), simulations of isolated galax-
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ies (e.g., Birnboim & Dekel 2003; Dekel & Birnboim
2006; Birnboim & Dekel 2011), and hydrodynamic cos-
mological simulations that incorporate the context of
local overdensity and environment (e.g., Kereš et al. 2005,
2009; Ceverino & Klypin 2009; Oppenheimer et al. 2010;
van de Voort & Schaye 2012; Ceverino et al. 2013). The
studies indicate that the gas bound within and/or inflowing,
outflowing, or recycling through galaxy dark matter halos
governs the large scale physics driving galaxy evolution and
therefore controls the global distribution of observed galaxy
properties.
We now fully accept the reality of an extended gaseous
medium surrounding galaxies that regulates the rhythms
of star-formation in the gaseous interstellar medium (ISM)
and the accretion of gaseous structures from the surround-
ing intergalactic medium (IGM). This complex, multi-phase,
highly dynamic “circumgalactic medium” (CGM) is where
chemically-enriched galactic scale outflowing stellar winds
interact and mix with infalling gas-rich satellites and inter-
galactic filaments. The CGM is the reservoir that buffers the
ISM from the IGM and controls the efficiency at which bary-
onic gas is converted into stars.
The mass of the dark matter halo dictates the
depth and concentration of the gravitational potential
(Navarro, Frenk, & White 1995; Klypin et al. 2001), and
correlates with local overdensity and environment (e.g.,
Mo & White 1996; Klypin et al. 2011). Thus, the physics
of the CGM is intimately connected to its dark matter
halo mass, which dictates the hot coronal gas temperature,
density profile, and pressure gradient. This physics also
governs the cloud infall, compression, cooling, formation,
and disruption timescales (e.g., Mo & Miralda-Escude
1996; Maller & Bullock 2004; Dekel & Birnboim 2006).
Furthermore, the dark matter plus baryonic matter halo
profile provides the radial profile of the escape velocity (see
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Steidel et al. 2010). As such, halo mass governs the overall
balance and efficiency of gas and metallicity transport via
infall, outflow, and recycling. It is highly probable that the
CGM forged the observed shape of the stellar-mass to halo-
mass relation of galaxies (cf., Behroozi, Wechsler, & Conroy
2013).
Based on isolated galaxy and cosmological simulations,
a strong dependence of CGM properties on dark matter
virial mass, Mh, has been found (e.g., Birnboim & Dekel
2003; Kereš et al. 2005, 2009; Dekel & Birnboim 2006;
Stewart et al. 2011; van de Voort et al. 2011). The simula-
tions indicate that logMh/M⊙ ∼ 12 is a critical mass, above
which “cold-mode” accreting gas is expected to be suppressed
since the cooling time and/or compression time of the gas
is longer than the gas dynamical time. As such, accreting
cool/warm clouds are not expected to survive as the gas shock
heats near the virial radius, resulting in “hot-mode” accret-
ing gas that remains in the hot gaseous corona. In halos of
logMh/M⊙ ≤ 12, the accreting gas can cool on a shorter time
scale than the dynamical time, so that cool/warm accreting
clouds are expected to survive and accrete into the ISM and
fuel star formation. “Cold-mode” or “hot-mode” accretion
in a given galaxy halo would first and foremost govern the
mass and chemical enrichment of gas infalling from the IGM,
and secondly, through its interaction with stellar driven winds,
govern the recycling of cool/warm clouds through the CGM
and back into the ISM.
As such, the chemical composition, temperatures, densities,
geometric distributions, ionization conditions, and kinematics
of the various gaseous structures in the CGM are expected to
reflect the dark matter halo mass, and thus provide a detailed
snapshot of the complex recent history of a galaxy and its fu-
ture evolution. Charting these CGM properties across a range
of galaxies (i.e., dark matter halo masses) over cosmic time
promises highly detailed insight into the physics underlying
galaxy evolution and places important constraints on galaxy
evolution theory.
Currently, the best approach to measuring CGM gas prop-
erties out to large galactocentric distances is to analyze ab-
sorption lines in the spectra of background luminous ob-
jects whose lines of sight serendipitously pass near interven-
ing galaxies. One approach is to use stacking techniques
of large numbers of sightlines to gain insight through statis-
tically significant global behaviors (e.g., Zibetti et al. 2007;
Steidel et al. 2010; Bordoloi et al. 2011; Rudie et al. 2012;
Zhu & Ménard 2013; Bordoloi et al. 2013), but for which the
detailed complexity of the CGM and its relationship to galax-
ies and dark matter halos is smoothed over. Alternatively,
samples of high-quality spectra can be studied on a CGM-
to-galaxy basis, which provide insights into the complex-
ity of the CGM environment in relation to galaxy proper-
ties (e.g., Steidel, Dickinson, & Persson 1994; Lanzetta et al.
1995; Chen et al. 2001a,b; Kacprzak et al. 2008; Chen et al.
2010a; Kacprzak et al. 2011; Rao et al. 2011; Nielsen et al.
2013a,b; Stocke et al. 2013; Werk et al. 2013), but yield
smaller numbers for which statistically significant insight is
mitigated.
Recent studies of far ultraviolet metal-line transitions us-
ing the Cosmic Origins Spectrograph on the Hubble Space
Telescope to study the z < 0.3 CGM in detail have re-
vealed a metal-enriched environment comprising ∼ 50% of
the baryonic gas mass in dark matter halos (Tumlinson et al.
2011). CGM gas exhibits a wide range of density, metal-
licity, and localized ionizing conditions (e.g., Stocke et al.
2013; Werk et al. 2013). The kinematics indicate that the ma-
jority of the gas is gravitationally bound, recycling material
(Tumlinson et al. 2011). However, Stocke et al. (2013) re-
port that some clouds seen in absorption may be escaping the
galaxy. They also find that almost all cool/warm CGM clouds
reside within the inner 50% of the virial radius, and that there
are no trends in the cool/warm CGM cloud properties with
galactocentric distance, relative velocity, or galaxy luminos-
ity once they scale the cloud locations with respect to virial
radius.
At z > 0.3, the CGM is mostly studied with ground-based
facilities using the near ultraviolet Mg II λλ2796,2803 tran-
sitions. With an ionization potential slightly above that of
H I, Mg II probes the cool/warm component of the CGM.
Here, we define cool/warm gas to have a temperature range
of T = 104−5 K, though this gas is often dubbed “cold” gas.
The strength of Mg II as a tracer of the CGM is that it
arises in low-ionization gas over five decades of H I column
density, 1016.5 ≤ N(H I) ≤ 1021.5 cm−2 (Churchill et al. 1999,
2000; Rao & Turnshek 2000; Rigby, Charlton, & Churchill
2002), and is detected out to projected distances of
∼ 150 kpc (see Churchill, Kacprzak, & Steidel 2005, for
a review). Furthermore, Mg II has been directly ob-
served or indirectly inferred to probe a wide range
of CGM structures, such as galactic scale winds (e.g.,
Tremonti et al. 2007; Martin & Bouché 2009; Weiner et al.
2009; Rubin et al. 2010; Martin et al. 2012), infalling material
(e.g., Kacprzak et al. 2010; Ribaudo et al. 2011; Rubin et al.
2011; Thom et al. 2011; Kacprzak et al. 2012), co-rotating
material (Steidel et al. 2002; Kacprzak et al. 2011), superbub-
ble structures (Churchill, Vogt, & Steidel 1995; Bond et al.
2001; Ellison et al. 2003), and the complex disk/extra-
planer/CGM interface (Kacprzak et al. 2013).
In an effort to facilitate further studies of the Mg II ab-
sorbing CGM, Nielsen et al. (2013a, Paper I) compiled the
Mg II Absorber-Galaxy Catalog (MAGIICAT)4. The general
characteristics of the Mg II absorbing CGM, including sys-
tematic luminosity, color, and redshift dependencies of the
Mg II absorption covering fractions as a function of absorption
threshold, are presented in Nielsen et al. (2013b, Paper II).
Kacprzak, Churchill, & Nielsen (2012) used the MAGIICAT
sample to show that the covering fraction has a dependency
on galaxy orientation.
In Churchill et al. (2013), we used halo abundance match-
ing to obtain the virial masses for the galaxies in MAGIICAT
and studied how the Mg II λ2796 equivalent width, Wr(2796),
behaves with galaxy virial mass, impact parameter, D, and
virial radius, Rvir. We presented four main results: [1] A
substantial component of the scatter in the Wr(2796)–D anti-
correlation is explained by a systematic segregation of virial
mass on the Wr(2796)–D plane; higher virial mass absorbing
galaxies are found at higher D and larger Wr(2796) compared
to lower virial mass absorbing galaxies. [2] The data are well
described by the relation Wr(2796)∝ (D/Rvir)−2 with signifi-
cantly reduced scatter and a vanishing of virial mass segrega-
tion on the Wr(2796)–D/Rvir plane. [3] The covering fraction
at a given impact parameter is higher for higher mass halos,
especially at D < 50 kpc, than for low mass halos, but the
covering fraction at a given D/Rvir is independent of virial
mass. [4] As a function of both D/Rvir and Wr(2796) absorp-
tion threshold, the covering fraction is effectively indepen-
dent of virial mass and does not show a precipitous drop for
4 http://astronomy.nmsu.edu/cwc/Group/magiicat/ .
CGM VIRIAL MASS SELF-SIMILARITY 3
logMh/M⊙ ≥ 12 as predicted by the scenario of a suppressed
“cold-mode” accretion in higher mass halos. The data indi-
cate that the absorption strength and covering fraction of cold
CGM gas is primarily governed by how far out in the virial ra-
dius the gas resides, and that this behavior holds over a virial
mass range of 10.7≤ logMh/M⊙ ≤ 13.8. These results were
interpreted to suggest a self-similar behavior of the cool/warm
CGM with virial mass.
In this paper, we further explore the connection between
virial mass and the Mg II absorbing CGM and elucidate the
interrelationships between absorption strength, virial mass,
impact parameter, virial radius, and the theoretical cooling
radius. In § 2 we briefly overview the characteristics of the
MAGIICAT galaxy sample and describe the application of
halo abundance matching to estimate galaxy virial masses.
Additional details are provided in Appendix A. We character-
ize and quantify several interrelationships between the mea-
sured quantities in § 3. In § 4, we discuss the multivariate
relations in the data, and compare, contrast, and interpret our
results with respect to other works. As we will show, the data
strongly support a self-similar cool/warm CGM with virial
mass. In § 5, we summarize our findings and conclude with
a discussion in which we draw upon observations and theory
to address the question “what drives the self-similarity of the
CGM?” Throughout this work, we adopt a flat ΛCDM cosmo-
logical model with h = 0.70, ΩM = 0.3, and ΩΛ = 0.7. When
discussing the gas phase metallicity, we employ the term Zgas
to designate Z/Z⊙.
2. THE SAMPLE AND VIRIAL MASSES
2.1. The Galaxy-Absorption Sample
Our sample comprises the 182 “isolated” galaxies in the
“Mg II Absorber-Galaxy Catalog” (MAGIICAT, Nielsen et al.
2013a, Paper I). Each galaxy has a published spectroscopic
redshift, with the sample spanning the range 0.07 ≤ z ≤
1.12. The galaxy-quasar impact parameters range from 5.4 ≤
D ≤ 194 kpc. The AB absolute B- and K- band magni-
tudes cover the ranges −16.1 ≥ MB ≥ −23.1 and −17.0 ≥
MK ≥ −25.3, with rest-frame B − K colors 0.04 ≤ B − K ≤
4.09. The range of detected rest-frame Mg II λ2796 equiv-
alent widths is 0.03 ≤ Wr(2796) ≤ 2.90 Å with one sys-
tem at Wr(2796) = 4.42 Å. Upper limits (3 σ) on Wr(2796)
were measured for 59 of the 182 systems over the range
Wr(2796) ≤ 0.003 Å to Wr(2796) ≤ 0.3 Å. Apart from the
details of how the virial masses of the galaxies have been de-
termined, which we present in this work, the particulars of
the galaxy-absorber sample and standardization of photomet-
ric and absorption properties have been presented in Paper I
(Nielsen et al. 2013a).
In Table 1, we present the data employed for this work.
Columns (1) through (4) list the quasar field name (B1950
designation or identification of a quasar as having been dis-
covered in the Sloan Digital Sky Survey, SDSS), the quasar
J2000 designation, the galaxy redshift, zgal, and the impact
parameter, D. Column (13) lists the Mg II λ2796 rest-frame
equivalent width, Wr(2796). These data are taken from Pa-
per I (Nielsen et al. 2013a). The remaining columns, which
are newly published data, are: (5) the galaxy r-band absolute
AB magnitude, Mr, (6) the virial mass, Mh, (7) the maximum
circular velocity, V maxc , (8) the virial radius, Rvir, (9) the ratio
ηv = D/Rvir, (10) the theoretical cooling radius, Rc, (11) the
ratio ηc = D/Rc, and (12) the ratio Rc/Rvir.
The Mr were computed using the methods applied to ob-
tain MB and MK as described in Paper I (Nielsen et al. 2013a);
The resulting range is −22.2 ≤ Mr ≤ −16.4. Calculation of
the virial radius, Rvir, was presented in Churchill et al. (2013).
Calculation of the theoretical cooling radius is discussed in
§ 3.4.
2.2. Determining Galaxy Virial Masses
Here, we elaborate on the method employed to deter-
mine the galaxy virial masses that were originally studied in
Churchill et al. (2013). For each galaxy in the sample, the
virial mass (dark + baryonic matter), Mh, was obtained by
halo abundance matching. The virial mass is the total mass
enclosed within the virial radius. The virial radius is defined
as the radius enclosing an average density ∆c(z)ρc, where
∆c(z) (see Eq. A15 of Eke, Cole, & Frenk 1996) is a cosmol-
ogy and redshift dependent multiplier under the assumption
of virialization of a collapsed spherical top-hat perturbation,
and ρc is the critical density.
Halo abundance matching assigns galaxies to dark matter
halos in a simulation based on number density with no free pa-
rameters. The method has been thoroughly explored and ap-
plied to various astronomical problems (Kravtsov et al. 2004;
Tasitsiomi et al. 2004; Vale & Ostriker 2004; Conroy et al.
2006; Conroy & Wechsler 2009; Guo et al. 2010;
Behroozi, Conroy, & Wechsler 2010; Firmani et al. 2010;
Trujillo-Gomez et al. 2011; Rodriguez-Puebla et al. 2012;
Behroozi, Wechsler, & Conroy 2013; Moster, Naab, & White
2013; Reddick et al. 2013). In practice, the technique has
been extremely successful in reproducing many galaxy
statistics, such as the two-point correlation function as
a function of redshift (Conroy et al. 2006), luminosity
(Trujillo-Gomez et al. 2011), stellar mass (Reddick et al.
2013), and color (Hearin & Watson 2013a, accounting for
halo formation times), as well as the luminosity-velocity
relation, baryonic Tully-Fisher relation, and galaxy velocity
function (Trujillo-Gomez et al. 2011). Halo abundance
matching also yields galaxy stellar-to-halo mass relations
that agree with direct estimates from lensing and satellite
kinematics within the uncertainties of the observations (see
Dutton et al. 2010)
In essence, halo abundance matching links a given prop-
erty (i.e., stellar mass, luminosity, etc.) of galaxies to a given
halo property (circular velocity, virial mass, etc.) in a mono-
tonic fashion. For this work, the dark matter halo catalogs
are taken from the Bolshoi N-body cosmological simulation
(Klypin et al. 2011).
For the halo property, we adopt the maximum circular ve-
locity,
V maxc =
[
GMh(<r)
r
]1/2 ∣∣∣∣∣
max
, (1)
which properly accounts for the depth of the galactic po-
tential and is unambiguously defined for both central halos
and sub-halos (halos within the virial radius of larger halos,
Trujillo-Gomez et al. 2011). At a given redshift, the halo cat-
alog comprises individual halos for which both V maxc and Mh
are tabulated.
For the galaxy property, we adopt the r-band luminosity,
Mr. For the number density of galaxies with a given Mr,
we adopt the COMBO-17 r-band luminosity function (LF)
of Wolf et al. (2003), which covers the redshift of our galaxy
sample in a band that successfully reproduces the clustering of
galaxies at both low and high redshifts (Trujillo-Gomez et al.
2011; Gerke et al. 2012).
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TABLE 1
GALAXY PROPERTIES
(1) (2) (3) (4) (5) (6) (7)a (8)a (9)a (10)a,b (11)a (12)a (13)
Field J-Name zgal D Mr logMh/M⊙ V maxc Rvir ηv Rc ηc Rc/Rvir Wr(2796)
[kpc] (AB) [km s−1] [kpc] [kpc] [Å]
0002−422 J000448.11−415728.8 0.8400 53.8 −21.7 12.1+0.2
−0.1 262
+35
−26 218
+32
−24 0.25
−0.03
+0.03 50
−4
+3 1.07
+0.09
−0.06 0.23
−0.04
+0.03 4.422± 0.002
0002+051 J000520.21+052411.80 0.2980 59.2 −20.9 12.0+0.3
−0.2 211
+45
−26 191+45−26 0.31−0.05+0.06 103−7+5 0.57+0.04−0.02 0.54−0.13+0.08 0.244± 0.003
0002+051 J000520.21+052411.80 0.5920 36.0 −22.0 12.3+0.2
−0.2 291
+38
−29 257
+37
−28 0.14
−0.02
+0.02 59
−4
+4 0.61+0.05−0.04 0.23
−0.04
+0.03 0.102± 0.002
0002+051 J000520.21+052411.80 0.8518 25.9 −21.2 11.8+0.2
−0.2 220
+40
−24 179
+36
−22 0.14
−0.02
+0.02 60
−5
+3 0.43
+0.04
−0.02 0.33
−0.07
+0.05 1.089± 0.008
SDSS J003340.21−005525.53 0.2124 21.7 −21.3 12.2+0.2
−0.2 232
+41
−27 214
+42
−27 0.10
−0.01
+0.02 107
−6
+4 0.20
+0.01
−0.01 0.50−0.10+0.07 1.050± 0.030
SDSS J003407.34−085452.07 0.3617 33.1 −20.1 11.7+0.4
−0.2 176+55−24 154+54−23 0.21−0.04+0.06 106
−9
+5 0.31
+0.03
−0.01 0.69−0.24+0.12 0.480± 0.050
SDSS J003413.04−010026.86 0.2564 30.4 −20.7 11.9+0.3
−0.2 195+47−25 176+47−25 0.17
−0.03
+0.04 112
−7
+5 0.27
+0.02
−0.01 0.63
−0.17
+0.10 0.610± 0.060
0058+019 J010054.15+021136.52 0.6128 29.5 −19.8 11.4+0.4
−0.2 151
+51
−20 125
+47
−18 0.24
−0.04
+0.06 92
−8
+4 0.32
+0.03
−0.01 0.74
−0.28
+0.12 1.684± 0.004
0058+019 J010054.15+021136.52 0.6800 45.6 −21.2 11.9+0.2
−0.2 225+42−25 190+40−24 0.24−0.03+0.04 69−5+4 0.66+0.05−0.03 0.36−0.08+0.05 <0.003
SDSS J010135.84−005009.08 0.2615 50.9 −21.4 12.2+0.2
−0.2 242
+40
−28 223
+40
−28 0.23
−0.03
+0.03 99−5+4 0.51+0.03−0.02 0.44−0.08+0.06 <0.110
SDSS J010156.32−084401.74 0.1588 28.4 −19.2 11.3+0.6
−0.2 121
+64
−17 106
+63
−16 0.27
−0.05
+0.10 146
−15
+6 0.20
+0.02
−0.01 1.38
−0.82
+0.25 0.360± 0.030
SDSS J010352.47+003739.79 0.3515 48.3 −20.1 11.7+0.4
−0.2 178
+54
−24 157
+53
−23 0.31
−0.05
+0.08 107
−9
+5 0.45
+0.04
−0.02 0.68
−0.23
+0.12 0.380± 0.030
0102−190 J010516.82−184641.9 1.0250 40.0 −22.3 12.1+0.1
−0.1 284
+31
−25 230
+27
−22 0.17
−0.02
+0.02 36
−3
+3 1.12
+0.11
−0.08 0.16
−0.02
+0.02 0.670± 0.050
0109+200 J011210.18+202021.79 0.5340 44.7 −20.4 11.6+0.4
−0.2 173
+53
−23 147
+50
−21 0.30
−0.05
+0.08 92−8+4 0.49+0.05−0.02 0.63−0.22+0.11 2.260± 0.050
a Uncertainties are based upon uncertainties in the virial masses (column 6). For some quantities a larger (smaller) virial mass results in smaller (larger) value such that
the uncertainties anti-correlate.
b Because the slope of Rc changes sign as function of virial mass, where the slope is positive the uncertainties correlate and where the slope is negative they anti-correlate
(see Figure B1). In the narrow virial mass ranges where the slope of Rc changes sign, it is possible that both the upward and downward uncertainties in virial mass can
result in an upward (or downward) uncertainty in Rc.
Table 1 is published in its entirety in the electronic edition of ApJ. A portion is shown here for guidance regarding its form and content.
For the galaxy sample, we solve for the V maxc for a galaxy
with Mr such that the fractional area under the observed
galaxy LF corresponds to an equal fractional area under the
curve of the distribution of maximum circular velocities of
halos,
1
NMr (z )
∫ Mr
−∞
n(Mr,z )dMr = 1NV maxc (z )
∫ ∞
V maxc
n(V maxc ,z )dV maxc , (2)
where the denominators are the total number density in the
respective distributions. The LF is preserved by construction.
The only assumption in the method is that there is only one
galaxy inhabiting each dark matter halo.
The redshift of a given galaxy determines the redshift of
both the Bolshoi halo catalog and the LF for which Eq. 2 was
applied. Wolf et al. (2003) published the r-band LFs for five
redshifts, z = 0.3, 0.5, 0.7, 0.9, and 1.1. We abundance match a
given galaxy Mr to V maxc in a ∆z = 0.2 redshift bin bracketing
the galaxy redshift, where the bin centers correspond to the
five COMBO-17 redshifts. For z < 0.2, we opted to not use
the “local” r-band LFs from SDSS (Blanton et al. 2001) or
2dFGRS (Madgwick et al. 2002) due to inconsistencies with
the COMBO-17 LF, which may be due to different sensitivi-
ties of the surveys at the bright end (see Wolf et al. 2003). To
maintain self-consistency, we adopt the COMBO-17 LF in the
bin 0.2 < z < 0.4 under the assumption that the LF does not
evolve significantly below z = 0.3.
There is intrinsic scatter in V maxc for a given Mh due to
variation in formation times of halos of the same mass (see
Trujillo-Gomez et al. 2011). Once the halo abundance match-
ing is solved (a V maxc for each dark matter halo in the Bol-
shoi catalog at the appropriate redshift is assigned to an Mr
for a galaxy in the sample), we account for the scatter in Mh
with V maxc by computing the average Mh of all the halos that
fall in a fixed luminosity bin, ∆Mr, centered on the measured
value for that galaxy. We adopted ∆Mr = 0.1 (for details see
Appendix A). Since halo abundance matching is a statistical
method, each derived Mh should be interpreted as the average
mass of a halo which hosts a galaxy of a given Mr .
In columns (6)–(8) of Table 1, we present the galaxy prop-
erties derived from halo abundance matching. The result-
ing virial masses have the range 10.7 ≤ logMh/M⊙ ≤ 13.9.
Including both systematics and scatter, the uncertainties are
δ logMh ≃ 0.1 at logMh/M⊙ = 10 increasing quasi-linearly
to δ logMh ≃ 0.35 at logMh/M⊙ = 13. However, for each
galaxy, we adopt the 1 σ standard deviation in the scatter of
the average Mh in the luminosity bin as the uncertainty in Mh.
We obtained the virial radius, Rvir, for each galaxy using
the relation with Mh given by Bryan & Norman (1998). The
resulting virial radii have the range 70 ≤ Rvir ≤ 800 proper
kpc. The uncertainties in Rvir were obtained from the uncer-
tainties in the virial masses using standard error propagation.
The typical uncertainty is δRvir/Rvir ≃ 0.1.
In Appendix A, we quantify and discuss the systematic and
statistical uncertainties in Mh associated with our methodol-
ogy and quantify the effects of observational uncertainties.
3. RESULTS
In this section we report (1) the virial mass scaling of the
Mg II absorption radius, (2) the virial mass dependence of the
mass-normalized Mg II absorption radius, (3) the relationship
between Wr(2796), virial mass, and impact parameter, (4) the
relationship between Wr(2796), virial mass, and virial radius,
(5) the relationship between Wr(2796), virial mass, and the
theoretical cooling radius, and (6) the covering fraction as a
function of Wr(2796) threshold and fractional distance of the
absorption with respect to the theoretical cooling radius.
3.1. Virial Mass Scaling of the “Absorption Radius”
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FIG. 1.— The virial mass dependence of the Mg II CGM “absorption radius”, R(Mh), for the four Wr(2796) absorption thresholds, Wcut = 0.1, 0.3, 0.6, and
1.0 Å. The virial mass scale is normalized to log M∗h = logMh/M⊙ = 12. Purple points are systems for which Wr(2796) ≥Wcut and green points are those for
which Wr(2796) <Wcut; an open point denotes that the measurement of Wr(2796) is an upper limit. The solid line is the maximum likelihood fit and the dashed
curves provide the 1 σ uncertainty envelope in the fit. The absorption radius of an M∗h galaxy decreases with increasing Wcut (though the boundary remains
equally “fuzzy”) and the virial mass dependence, γ, decreases with increasing Wcut.
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FIG. 2.— The virial mass dependence of the mass-normalized Mg II CGM absorption envelope, ηv(Mh), given by Eq. 4, for the four Wr(2796) thresholds,
Wcut = 0.1, 0.3, 0.6, and 1.0 Å. The virial mass scale is normalized to log M∗h = logMh/M⊙ = 12. The data points and curves are as described for Figure 1. The
mass-normalized absorption envelope of an M∗h galaxy is η∗v ≃ 0.3 for all Wcut. The virial mass dependence is weak, with some indication of reversing from
slightly positive dependence to slightly negative dependence as Wcut is increased.
For Mg II absorption, many works have measured the lu-
minosity dependence of the “absorption radius” assuming the
Holmberg scaling R(L) = R∗(L/L∗)β , where R∗ is the absorp-
tion radius of an L∗ galaxy and β parameterizes the luminos-
ity scaling (e.g., Nielsen et al. 2013b, and references therein).
The “absorption radius” is interpreted as an average physical
extent out to which absorption is detected above a given ab-
sorption threshold; it represents an idealistic projected radius
within which CGM gas is detected and outside of which CGM
gas is not detected.
In Paper II (Nielsen et al. 2013b), the two parameters R∗
and β were obtained for various absorption thresholds, Wcut,
by maximizing the number of systems with Wr(2796) ≥Wcut
residing at D ≤ R(L) and maximizing the number of systems
with Wr(2796) < Wcut residing at D > R(L). The covering
fraction, fc, of the absorption within R(L) for each threshold
is also directly computed in their analysis, where the uncer-
tainties are determined using binomial statistics (see Gehrels
1986).
Following the methods applied by Nielsen et al. (2013b),
we investigated whether there is a virial mass dependence
of the Mg II CGM absorption radius, R(Mh), for the four
Wr(2796) absorption thresholds, Wcut = 0.1, 0.3, 0.6, and
1.0 Å. In place of the galaxy luminosity relative to L∗, we
define M∗h = 1012 M⊙ (the median mass of the sample) and
write
R(Mh) = R∗
(
Mh
M∗h
)γ
. (3)
In Figure 1, we plot D versus Mh/M∗h for the sample. In
each panel, purple points have Wr(2796) ≥ Wcut and green
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FIG. 3.— (a) The Wr(2796)–D plane with data points colored by virial mass range. Higher mass halos, log Mh/M⊙ ≥ 12, are yellow and red, and lower
mass halos, log Mh/M⊙ < 12, are green and blue. The data within each range of virial mass shows the anti-correlation between Wr(2796) and D, but each mass
range has a different upper envelope, as represented by the dashed lines based upon the minimization fit. (b) The Wr(2796)–Mh plane with data points colored
by impact parameter range. Lower impact parameter data, D < 50 kpc, are yellow and red, and higher impact parameter data, D > 50 kpc, are green and blue.
The data within each range of impact parameter show a proportionality with virial mass in fixed impact parameter ranges, but with an increasing and steepening
envelope as impact parameter becomes lower as shown by the dashed lines representing the minimization fit.
points have Wr(2796) < Wcut. Thus, purple points indicate
absorption detections and green points indicate absorption
“misses” for the given Wcut. Open points indicate that the
measurement of Wr(2796) is an upper limit to the detection
sensitivity of the quasar spectrum. The solid line is the max-
imum likelihood fit to Eq. 3 and shows the virial mass de-
pendence of the Mg II CGM “absorption radius”, R(Mh). The
dashed curves provide the 1 σ envelope to the best fit param-
eters. Note that there are fewer data points included in the
analysis for the Wcut = 0.1 Å subsample. This is because we
exclude non-detections with Wr(2796) limits greater than Wcut.
The fitting results suggest that the absorption radius of an M∗h
galaxy, R∗, decreases with increasing Wcut, from ≃ 70 kpc
for Wcut = 0.1 Å to ≃ 50 kpc for Wcut = 1.0 Å. However, the
uncertainties in R∗ are larger, which reflects the degree the ab-
sorption radius is actually a “fuzzy” boundary. As the equiv-
alent width threshold, Wcut, is raised, we find that the virial
mass dependence systematically decreases from γ ≃ 0.45 for
Wcut = 0.1 Å to γ ≃ 0.20 for Wcut = 1.0 Å.
The resulting R∗ and γ values can be applied to quan-
tify the absorption radius relative to the virial radius. We
will refer to this quantity as the “mass-normalized absorp-
tion envelope”, and denote the quantity as ηv(Mh). Defining
ηv = D/Rvir and η∗v = R∗/R∗vir, where R∗vir is the virial radius
for an M∗h = 1012 M⊙ halo taken at the median redshift of the
sample, and invoking Rvir ∝ M1/3h (Bryan & Norman 1998),
we obtain the relation
ηv(Mh) = η∗v
(
Mh
M∗h
)γ′
, (4)
where γ′ = γ − 1/3.
In Figure 2, we plot ηv(Mh) versus Mh/M∗h for the Wr(2796)
absorption thresholds, Wcut = 0.1, 0.3, 0.6, and 1.0 Å. The
mean mass-normalized absorption envelope for M∗h galaxies
is η∗v ≃ 0.3 and is remarkably consistent within uncertainties
as being independent of the absorption threshold. However,
the mean covering fraction decreases by a factor of two as
Wcut is increased from 0.1 to 1.0 Å. The virial mass depen-
dence is quite weak, ranging from γ′ ≃ +0.1 to ≃ −0.14 as
Wcut is increased. Overall, by scaling the absorption radius
parameters, we find that the parameters describing the mass-
weighted absorption envelope, η∗v and γ′, indicate a very weak
dependence on virial mass and that this holds for all absorp-
tion thresholds.
3.2. Absorption Strength, Virial Mass, and Impact
Parameter
In view of the fitted relation logWr(2796)∝ −2log(D/Rvir)
obtained by Churchill et al. (2013), and given that logRvir ∝
(1/3) logMh, one could infer that logWr(2796) ∝ −2logD +
(2/3) logMh. That is, logWr(2796) ∝ −2logD for a nar-
row range of Mh and logWr(2796) ∝ (2/3) logMh for a nar-
row range of D. This behavior is consistent with the virial
mass segregation on the Wr(2796)–D plane presented by
Churchill et al. (2013), in which stronger absorption is prefer-
entially associated with higher mass halos and found at larger
impact parameter.
To further investigate the relationships between Wr(2796),
virial mass, and impact parameter, we explored the Wr(2796)–
D plane for differential virial mass behavior, and the
Wr(2796)–Mh plane for differential impact parameter behav-
ior. In Figure 3a, we present the Wr(2796)–D plane in which
we colored the data points according virial mass using the
mass decades logMh/M⊙ = 10–11, 11–12, 12–13, and 13–
14. Consistent with many works (see Nielsen et al. 2013a, and
references therein), Wr(2796) tends to decrease with increas-
ing impact parameter. There is a clear visual trend for higher
mass halos to host larger Wr(2796). This is especially appar-
ent in that the “upper envelope” of Wr(2796) is dominated by
the higher mass galaxies, i.e., logMh/M⊙> 12. Furthermore,
it appears that the slope of each upper envelope increases with
increasing virial mass.
To quantify this differential virial mass behavior in the up-
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TABLE 2
ENVELOPE Wr(2796) = α1 log D +α2
(1) (2) (3) (4)
logMh/M⊙ α1 α2 L(α1,α2)
(10–11] −0.7+0
−0.2 1.6+0.2−0.5 1.57× 10−1
(11–12] −1.3+0.1
−0.2 3.0
+0.3
−0.6 2.54× 10
−3
(12–13] −2.1+0.1
−0.3 4.8
+0.1
−0.2 3.62× 10
−3
(13–14) −3.7+0.2
−0.1 8.5+0.2−0.4 3.23× 10−2
TABLE 3
ENVELOPE Wr(2796) = α1 log(Mh/M⊙) +α2
(1) (2) (3) (4)
D, kpc α1 α2 L(α1,α2)
(0–25] 1.0+0.1
−0.1 −10.0
+1.5
−1.9 3.45× 10
−3
(25–50] 0.8+0.1
−0.1 −8.0
+2.2
−2.1 4.47× 10
−3
(50–100] 0.5+0.2
−0.1 −5.3+1.1−2.1 6.80× 10−2
(100-200) 0.3+0.2
−0.1 −3.3
+1.1
−2.2 1.04× 10−3
per absorption envelope, we used a maximum likelihood ap-
proach to solving the relation Wr(2796) = α1 logD +α2, for
each of the four virial mass ranges presented in Figure 3a. We
minimized the function
L(α1,α2) = min |Nabv/Ntot − erfc(1) | , (5)
where Nabv/Ntot is the ratio of systems above the envelope to
the total number of systems in the mass range. The compli-
mentary error function is employed to account for the scat-
ter in the data and the different number of data points in
each virial mass range. We allow 15.7% (1 σ) of the data
points in each mass range to reside above the envelope when
L(α1,α2) is a minimum. Thus, the resulting envelope en-
closes 84.3% of the data. The envelopes have all been nor-
malized to Wr(2796) = 0 Å at D = 200 kpc.
The resulting fitted parameters are listed in Table 2, as are
the values of the likelihood function. The envelopes for each
of the respective virial mass ranges are plotted on Figure 3a.
The exercise quantifies the degree to which the upper absorp-
tion envelope on the Wr(2796)–D plane is virial mass depen-
dent. At a given impact parameter, larger Wr(2796) tends to
arise in higher mass halos.
In Figure 3b, we show the Wr(2796)–Mh plane where we
have color coded the data points binned by impact parame-
ter using the bins 0 < D ≤ 25 kpc, 25 < D ≤ 50 kpc, 50 <
D ≤ 100 kpc, and 100 < D ≤ 200 kpc. Again, for a fixed im-
pact parameter range, there is a clear general trend for increas-
ing Wr(2796) with increasing virial mass. Though a range of
Wr(2796) are present at a given virial mass in each impact
parameter range, the upper envelope of the absorption for an
impact parameter range clearly increases with virial mass. Pa-
rameterizing the envelope as Wr(2796) = α1 logMh/M⊙ +α2
for each impact parameter range, we applied Eq. 5 to quantify
this behavior.
The resulting fitted parameters and values of the likelihood
function are listed in Table 3. The results indicate that, in a fi-
nite range of impact parameter, stronger Wr(2796) absorption
is preferentially found around higher mass halos and that this
trend is more pronounced for smaller impact parameters (i.e.,
D < 50 kpc). Though the data exhibit substantial scatter, the
trends highlighted in Figures 3a and 3b are consistent with the
notion of a correlation between virial mass and Mg II equiva-
lent width at a fixed impact parameter. In order to further in-
vestigate the relationships between Wr(2796), virial mass, and
impact parameter, we examined the behavior of the means in
these quantities.
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FIG. 4.— (a) The Wr(2796)–D plane illustrating the mean Wr(2796) in a
given impact parameter and virial mass range. The impact parameter bins
are D = 0–25, 25-50, 50-100, and 100-200 kpc. The data points are colored
by virial mass bin, with logMh/M⊙ = 10–11 (blue), 11–12 (green), 12–13
(yellow), and 13–14 (red). The data points are plotted at the mean D for the
galaxies in each virial mass range. The horizontal error bars give the width
of the impact parameter bin and the vertical error bars give the 1 σ variance
in the mean Mg II λ2796 equivalent width. (b) For each impact parameter
bin, the mean Wr(2796) is plotted as a function of virial mass, log Mh/M⊙ .
The horizontal error bars provide the actual virial mass range within the mass
bins. We find that, in each impact parameter bin, the mean Wr(2796) increases
as virial mass increases. Note that not all mass ranges are represented in all
impact parameter bins. The dashed lines are the maximum likelihood fits
presented in Table 4.
In Figure 4a, we present the Wr(2796)–D plane in which we
plot the mean Wr(2796) in a fixed impact parameter range for
the virial mass decades logMh/M⊙ = 10–11, 11–12, 12–13,
and 13–14. The impact parameter ranges are 0 <D≤ 25 kpc,
25<D≤ 50 kpc, 50<D≤ 100 kpc, and 100<D≤ 200 kpc.
Vertical bars provide the 1 σ variances in the mean Wr(2796)
and horizontal bars indicate the width of the impact parameter
bin. Note that in the virial mass decade logMh/M⊙ = 10–11
(blue points), there are only three galaxies in the sample.
The general trend seen in Figure 4a is that, in each impact
parameter bin, the mean Wr(2796) increases with virial mass.
We further illustrate the trend in the four panels of Figure 4b,
where we plot the mean Wr(2796) as a function of virial mass
in fixed impact parameter bins. The points are plotted at the
mean virial mass and mean Wr(2796). The data clearly show
a trend of increasing mean Wr(2796) as a function of Mh in
each impact parameter bin.
Since the appearance of binned data can be sensitive to the
choice of binning, and since we clearly do not have equal
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TABLE 4
FIT TO logWr(2796) = α1 log(Mh/M⊙) +α2
(1) (2) (3) (4) (5) (6) (7)
D range α1 α2 N10,11 N11,12 N12,13 N13,14
[kpc]
0–25 0.14± 0.06 −1.6± 0.7 2 19 5 · · ·
25–50 0.22± 0.04 −2.7± 0.5 · · · 37 30 1
50–100 0.42± 0.35 −5.6± 4.3 1 19 33 2
100–200 0.55± 0.25 −7.7± 3.2 · · · 9 19 5
numbers of galaxies in each virial mass decade, we divided
the sample into virial mass tertiles and virial mass quartiles.
We obtain the same qualitative results presented in Figure 4.
To determine whether the correlations between Wr(2796)
and Mh in each impact parameter range are statistically sig-
nificant, we performed a non-parametric rank correlation
test on the unbinned data represented in each panel of Fig-
ure 4b. Since a substantial number of our Wr(2796) val-
ues are upper limits, we employed the Brown, Hollander,
& Korwar BHK-τ test (Brown, Hollander, & Korwar 1974),
which allows for upper limits in either the dependent or
the independent variable (also see Feigelson & Nelson 1985;
Isobe, Feigelson, & Nelson 1986; Wang & Wells 2000). The
tests do not significantly rule out the null hypothesis of no cor-
relation between Wr(2796) and Mh to better than 3 σ. How-
ever, they suggest a strong trend to better than 2.5 σ in each
impact parameter range.
In view of the prediction that logWr(2796) is proportional to
(2/3) logMh − 2logD, we might expect the data presented in
Figure 4b would obey logWr(2796) = (2/3) logMh +C in finite
impact parameter bins. Assuming the relation logWr(2796) =
α1 logMh/M⊙ + α2, we applied a maximum likelihood lin-
ear fit to the unbinned data presented in each panel of Fig-
ure 4b to obtain an estimate of the slope between Wr(2796)
and Mh in fixed impact parameter bins. Accounting for upper
limits for some of our Wr(2796) measurements, we employed
the Expectation-Maximization algorithm EMALGO (Wolynetz
1979).
The resulting fitted parameters are presented in Table 4.
Columns (4)–(7) provide the number of galaxy-absorber pairs
in each mass decade. The fits are overplotted on the binned
data presented in Figure 4b. For all impact parameter bins, we
find that the slope, α1, is always less than the predicted 2/3.
However, the slopes for the D > 50 kpc bins are consistent
with 2/3 within uncertainties. The best fit slope increases as
impact parameter is increased, though the large uncertainties
for D > 50 kpc reflect the increased scatter in Wr(2796) due
to the decreasing covering fraction as impact parameter in-
creases (Nielsen et al. 2013b). Within uncertainties, the zero-
point of the fit, α2, decreases with increasing impact parame-
ters consistent with the D−2 scaling.
3.3. Absorption Strength, Virial Mass, and Virial Radius
In view of the results of Churchill et al. (2013) in which the
Mg II λ2796 equivalent width is tightly anti-correlated with
ηv = D/Rvir, the projected impact parameter in units of the
virial radius, we further investigate the relationship between
Wr(2796), virial mass, and ηv.
Of interest is that on the Wr(2796)–D plane, there is a virial
mass segregation (at the 4 σ significance level; Churchill et al.
2013), in which higher virial mass galaxies are seen to have
larger Wr(2796) and D than galaxies with lower virial masses.
This behavior induces a substantial scatter on the Wr(2796)–
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FIG. 5.— (a) The Wr(2796)–ηv plane illustrating the mean Wr(2796) for
ηv ≤ 0.3 and ηv > 0.3. The data points and “error bars” are the same as
described for Figure 4a. (b) For each finite ηv range, the mean Wr(2796)
is plotted as a function of virial mass, log Mh/M⊙ . The data points and
“error bars” are the same as described for Figure 4b. We find that for ηv ≤
0.3, where the majority of Mg II absorbing gas resides, the mean Wr(2796) is
independent of virial mass.
D plane, and shows that the scatter is systematic with virial
mass (this systematic scatter is also seen at the 4 σ signifi-
cance level with B- and K-luminosity, Nielsen et al. 2013b).
However, when D is normalized to Rvir, the virial mass seg-
regation vanishes on the Wr(2796)–ηv plane and the scatter is
reduced to a very high significance level relative to the scatter
on the Wr(2796)–D plane.
Overall, this behavior might suggest that the role of virial
mass is manifest in the virial radius, such that Wr(2796)
should show little to no trend with virial mass when examined
as a function of ηv. In Figure 5a, we present the Wr(2796)–ηv
plane in which we plot the mean Wr(2796) for ηv ≤ 0.3 and
ηv > 0.3. The cut ηv = 0.3 is motivated by the above result
(see Figure 2) in which η∗v ≃ 0.3 and that virial mass scaling
of ηv(Mh) is very weak. Data points are colored as in Figure 4.
The mean Wr(2796) is clearly independent of virial mass for
ηv ≤ 0.3. The data do not present as clear a picture between
mean absorption strength and virial mass for ηv > 0.3; how-
ever, for logMh/M⊙ > 11, the Wr(2796) are consistent with
being independent of virial mass within the 1 σ variances of
their distributions (note that there is only a single data point
for logMh/M⊙ < 11).
In Figure 5b, we plot the mean Wr(2796) directly as a func-
tion of virial mass. For both ηv ≤ 0.3 and ηv > 0.3, BHK-
τ non-parametric rank correlation tests on the unbinned data
represented in each panel of Figure 5b are consistent with the
null-hypothesis of no correlation between Wr(2796) and Mh.
This is a remarkable behavior that strongly suggests a self-
similarity between the cool/warm CGM over a wide range of
virial mass. Within the inner third of the virial radius, the
strength of the absorption is invariant with virial mass. The
degree of invariance we find outside the inner third of the
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virial radius is also remarkable. Whatever the physical source
governing the column density and kinematic distribution of
Mg II absorbing gas (chemical enrichment, stellar feedback,
infall accretion, cooling and heating, and/or destruction and
creation mechanisms), the net result is one in which a uni-
form behavior in the average properties of the gas is constant
as a function of ηv for all virial masses.
3.4. Absorption Strength, Virial Mass, and Cooling Radius
In the first modern models of galaxy formation in the dark
matter paradigm, theorists proposed that the cooling of gas
in the halo is a key mechanism governing galaxy mass (cf.,
White & Rees 1978; White & Frenk 1991) and the extent
and mass of cool/warm CGM gas (cf., Mo & Miralda-Escude
1996). In such models, it was stipulated that gas falling into
dark matter halos shock heats and sets up an initial hot phase
(T ≥ 106 K) at the virial temperature with gas density de-
creasing with increasing radius. The models were developed
based on the notion of a theoretical cooling radius, Rc, inside
of which gas cools, falls into the galaxy, and feeds star forma-
tion, and outside of which the gas does not have time to cool
and remains in the hot phase. Later works show the cooling
time scale in lower mass halos is shorter than the infall dy-
namical and/or compression time scale, and cold-mode accre-
tion feeds the central galaxy (e.g., Birnboim & Dekel 2003;
Kereš et al. 2005; Dekel & Birnboim 2006; Kereš et al. 2009;
Stewart et al. 2011; van de Voort et al. 2011).
In the model of Mo & Miralda-Escude (1996), the
cool/warm gas (104 ≤ T ≤ 105 K) traced by H I and Mg II ab-
sorption is predicted to have a high covering fraction inside
the cooling radius. Maller & Bullock (2004) expanded the
Mo & Miralda-Escude (1996) model to account for a multi-
phase gas medium in which they allow for a hot gas core to
persist at r < Rc, while invoking thermal and dynamical in-
stabilities to provide for the fragmentation and condensation
of some of the hot gas into cool clouds. This multi-phase
model predicts a non-unity covering fraction of cool/warm
absorbing gas inside the cooling radius, which is more in
line with Mg II absorption observations (Kacprzak et al. 2008;
Chen et al. 2010a; Nielsen et al. 2013b). The model also pre-
dicts that cool/warm gas which originated via condensation
from the initial hot halo gas will reside exclusively inside Rc.
To investigate where the Mg II absorbing CGM resides in
relation to the theoretical cooling radius and to determine
the covering fraction both inside and outside the cooling ra-
dius, we estimated Rc using the model of Maller & Bullock
(2004). Other analytical dark matter halo models that predict
Mg II absorption have been developed (e.g., Tinker & Chen
2008; Chelouche et al. 2008; Chelouche & Bowen 2010), but
the model of Maller & Bullock (2004) is best suited for our
study because it is based upon physical principles that pro-
vide a clear formalism for computing the theoretical cooling
radius as a function of virial mass.
Formally, the cooling radius is defined at the radial distance,
r, from the center of the halo at which the initial gas density,
ρgas(r), equals the characteristic density at which gas can cool,
ρc, known as the “cooling density”. As such, cooling of the
gas can occur for r ≤ Rc when ρgas(r) ≥ ρc. The theoretical
cooling radius is defined when
ρgas(Rc) = ρc (6)
is satisfied. Following Maller & Bullock (2004), we applied
their Eq. 9 for ρgas(r) and Eq. 12 for ρc to obtain Rc for
each galaxy in our sample. The required input quantities are
the virial mass, virial radius, redshift, formation time of the
dark matter halo, and metallicity of the hot gas halo. In Ap-
pendix B, we describe our computation of Rc and provide a
brief discussion of how the value of Rc responds to the input
quantities (see Figure B1). For our work, the most uncertain
quantities are the halo formation time and the metallicity of
the hot halo gas, Zgas.
For fixed redshift, the formation time, τf, is shorter for
higher mass halos. For fixed virial mass, τf decreases with in-
creasing redshift. Since the cooling density scales as ρc ∝ τ−1f ,
a shorter formation time yields a smaller cooling radius. We
describe our estimation of the formation time in Appendix B
and present τf as a function of redshift and virial mass in Fig-
ure B1a.
The cooling radius is inversely proportional to the cooling
function, Λ(T,Zgas). A fixed volume of solar metallicity gas
can cool at a rate 3–10 times more rapidly than zero metal-
licity gas, depending upon the temperature regime. Since the
cooling density follows ρc ∝ Λ−1(T,Zgas), the value of Rc can
be as much as a factor of ≃ 1.5 larger in a halo of the same
mass and redshift but with ≃ 1 dex higher metallicity (see
Figure B1b). However, this applies only in the lower mass
halos; at higher mass, and therefore higher initial gas tem-
peratures, the cooling rate is metallicity independent (where
bremsstrahlung cooling dominates).
It is important to keep in mind that, in the framework of
the Maller & Bullock (2004) model, the gas metallicity cor-
responds to the hot phase of the halo, for which evidence is
mounting that the mixing between stellar feedback and accre-
tion of the intergalactic medium converges on a mean metal-
licity of Zgas ∼ 0.1 (cf., Crain et al. 2013). For our presenta-
tion of Rc, we adopt Zgas ∼ 0.1, as motivate in Appendix B.
The computed theoretical cooling radii for the galaxies in
our sample are listed in column (10) of Table 1 and plotted
in Figure 6a as a function of virial mass. Points are col-
ored by Mg II λ2796 equivalent width bins. Filled points are
detections and open points are upper limits. In Figure 6b,
we plot the ratio Rc/Rvir for the galaxies [also see column
(12) of Table 1]. Most of the galaxies in the sample have
0.1 ≤ Rc/Rvir ≤ 1.0, in that the cooling radius lies inside the
virial radius. For logMh/M⊙ < 11.3, the cooling radius re-
sides outside the virial radius. The scatter in these two dia-
grams is due solely to the different galaxy redshifts at a given
virial mass. Higher redshift galaxies have shorter formation
times, and a shorter formation time yields a larger cooling
density, and therefore a smaller cooling radius.
In Figure 6c, we plot the fractional projected distance
within the theoretical cooling radius at which absorption is
probed, ηc = D/Rc, versus the fractional projected distance
within the virial radius, ηv = D/Rvir, at which absorption is
probed. These quantities are listed in columns (9) and (11) of
Table 1. Whereas virtually all the Mg II absorption is found
within the virial radius (noting that our sample probes ηvir ≤ 1
in all but three cases), we find that Mg II absorption is detected
well outside the theoretical cooling radius. In Figure 6d, we
present Wr(2796) versus ηc. Of interest is that the strongest
absorbers are detected over a wide range of ηc, including well
outside the theoretical cooling radius.
In Figure 7 and Table 5, we present the covering fraction,
fc(ηc), for different Wr(2796) absorption thresholds, Wcut, for
ηc ≤ 1.0 (inside the cooling radius) and ηc > 1.0 (outside the
cooling radius) for the fiducial model with Zgas = 0.1. For this
exercise, we examined the full range of virial masses (black
points), and the two subsamples defined by logMh/M⊙ ≥ 12,
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FIG. 6.— (a) The theoretical cooling radius, Rc versus virial mass for the galaxies in the sample. The data are colored in the bins Wr(2796) ≤ 0.1 Å (blue),
0.1 < Wr(2796) ≤ 0.3 Å (green), 0.3 <Wr(2796) ≤ 0.6 Å (yellow), 0.6 < Wr(2796) ≤ 1.0 Å (red), and Wr(2796) > 0.1 Å (black). Filled points are detections
and open points are upper limits on Wr(2796). (b) The ratio Rc/Rvir versus virial mass. (c) The ratio ηv = D/Rvir versus the ratio ηc = D/Rc. (d) Wr(2796) versus
ηc. All panels illustrate Zgas = 0.1.
and by logMh/M⊙ < 12, where logMh/M⊙ = 12 is the me-
dian of the sample. We also computed fc(ηc) for the ranges
0 ≤ ηc ≤ 0.5 and 0.5 < ηc ≤ 1.
As documented in Table 5, for ηc ≤ 0.5, the covering frac-
tion decreases from ≃ 0.9 to ≃ 0.3 as Wcut is increased from
0.1 to 1.0 Å and shows little to no dependence on virial mass
for all Wcut, except for a suggestion that higher mass halos
have larger fc(ηc) for Wcut = 1.0 Å (though the values are con-
sistent within uncertainties). For 0.5 < ηc ≤ 1.0, the covering
fraction also decreases as Wcut is increased, but in this regime
fc(ηc) exhibits virial mass dependence such that higher mass
halos have substantially higher covering fraction than lower
mass halos. In fact, for Wcut > 0.6 Å, fc(ηc) is consistent with
zero in lower virial mass galaxies.
Given that Rc is strongly anti-correlated with Mh, a fixed
D would probe further out into the theoretical cooling radius
for higher mass halos. Thus, at fixed ηc, higher mass halos
are probed at relatively smaller D than are lower mass ha-
los. Churchill et al. (2013) showed (see their Figure 2) that
the covering fraction in fixed impact parameter bins, fc(D),
was higher for higher mass halos than for lower mass halos,
particularly for D > 50 kpc and Wcut = 0.1 and 0.3 Å. For
D ≤ 50 kpc, fc(D) is effectively independent of virial mass
for Wcut = 0.1, 0.3, and 0.6 Å, but is higher for higher mass
halos for Wcut = 1.0 Å. This behavior resembles the behavior
of fc(ηc). Given these considerations, the virial mass depen-
dence of fc(ηc) in the range 0.5 < ηc ≤ 1.0 is likely reflecting
the virial mass dependence of fc(D) on impact parameter.
As illustrated in Figure 7, the average covering fraction in-
side the theoretical cooling radius (ηc ≤ 1), exhibits little to
no dependence on virial mass. As the Wr(2796) absorption
threshold is increased, the covering fraction decreases from
≃ 0.8 down to ≃ 0.2. The average covering fraction outside
the theoretical cooling radius does not vanish, as would be
expected if the absorbing gas originated from cloud fragmen-
tation and condensation from the hot coronal halo gas. At
projected distances where the density of the hot coronal gas
is too low to cool, fc(ηc) ranges from ≃ 0.5 down to ≃ 0.2,
decreasing as Wcut is increased from 0.1 to 1.0 Å and show-
ing little evidence for a virial mass dependence, especially for
Wcut = 0.6 and 1.0 Å.
Comparing fc(ηc) inside and outside the theoretical cool-
ing radius, we can infer that the spatial properties of the
cool/warm CGM gas are not fundamentally connected to
where the cool/warm gas resides relative to the cooling ra-
dius of the hot coronal halo gas5. The 20–50% covering frac-
5 We also explored Zgas ∼ 0.03 and Zgas ∼ 0.3. Note that the locus of
points on Figure 6 are virtually unchanged over the range Zgas = 0.03 to Zgas =
0.3; the higher (lower) Zgas points have larger (smaller) Rc, and thus there
is a small upward (downward) shift in the points in Figures 6a and 6b and
a small leftward (rightward) shift in the points in Figures 6c and 6d. The
shifts are barely discernible and the results are qualitatively identical. The
covering fractions shown in Figure 7 are reduced (increased) by ≃ 0.1 for
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FIG. 7.— The Mg II absorbing gas covering fraction, fc(ηc), as a function of fractional projected distance in units of the theoretical cooling radius for Zgas = 0.1
and Wr(2796) absorption threshold, Wcut. The data are binned by ηc ≤ 1.0 (inside the cooling radius) and ηc > 1.0 (outside the cooling radius). (a) Wcut = 0.1 Å. (b)
Wcut = 0.3 Å. (c) Wcut = 0.6 Å. (d) Wcut = 1.0 Å. Red points are for galaxies with logMh/M⊙ ≥ 12, blue points are for log Mh/M⊙ < 12, where log Mh/M⊙ = 12
is the median of the sample, and black points are for the full observed range of virial mass. The non-negligible fc(ηc) outside the theoretical cooling radius
implies a substantial population of cool/warm CGM clouds that are not formed via fragmentation and condensation out of the hot coronal gas component of the
CGM.
TABLE 5
COVERING FRACTION WITH COOLING RADIUSa
(1) (2) (3) (4) (5)
Wcut ηc Range fc(ηc) fc(ηc) fc(ηc)
[Å] D/Rc (All) (Mh < 1012) (Mh ≥ 1012)
0.1 ≤ 0.5 0.91+0.03
−0.04 0.89+0.04−0.06 0.96+0.03−0.09
0.5–1.0 0.59+0.08
−0.09 0.32
+0.14
−0.12 0.80
+0.08
−0.11
≤ 1.0 0.80+0.04
−0.04 0.74
+0.05
−0.06 0.88
+0.05
−0.07
> 1.0 0.53+0.10
−0.10 0.29+0.26−0.18 0.59+0.10−0.11
0.3 ≤ 0.5 0.83+0.04
−0.05 0.83
+0.05
−0.06 0.81
+0.08
−0.11
0.5–1.0 0.38+0.08
−0.07 0.10
+0.12
−0.06 0.57
+0.10
−0.11
≤ 1.0 0.66+0.04
−0.05 0.65
+0.06
−0.06 0.69
+0.07
−0.07
> 1.0 0.42+0.09
−0.09 0.29
+0.26
−0.18 0.46
+0.10
−0.10
0.6 ≤ 0.5 0.58+0.06
−0.06 0.58
+0.07
−0.07 0.59
+0.11
−0.12
0.5–1.0 0.16+0.07
−0.05 0.00
+0.09
−0.00 0.27
+0.10
−0.09
≤ 1.0 0.43+0.05
−0.05 0.43
+0.06
−0.06 0.42
+0.08
−0.07
> 1.0 0.26+0.08
−0.07 0.25
+0.24
−0.16 0.26
+0.09
−0.08
1.0 ≤ 0.5 0.31+0.06
−0.05 0.24
+0.07
−0.06 0.48
+0.11
−0.11
0.5–1.0 0.08+0.06
−0.04 0.00
+0.09
−0.00 0.13
+0.09
−0.06
≤ 1.0 0.23+0.04
−0.04 0.18
+0.05
−0.04 0.30
+0.07
−0.07
> 1.0 0.20+0.08
−0.06 0.25
+0.24
−0.16 0.18
+0.09
−0.07
a Values apply for Zgas = 0.1.
tion outside the cooling radius indicates that all of the Mg II
absorbing CGM inside the virial radius may not originate in
fragmentation and condensation of the hot coronal gas phase
inside the cooling radius of galaxy halos. It is of interest that
as the Wr(2796) absorption threshold is increased, the differ-
ence between the covering fractions inside and outside the
cooling radius decrease, such that for Wcut = 1.0 Å, they are
virtually identical with fc(ηc) ≃ 0.2. This indicates that the
more optically thick and or kinematically complex the mate-
rial is, the more uniformly distributed it is with respect to the
theoretical cooling radius. We further note that this trend is
higher (lower) Zgas for ηc ≤ 1. For ηc > 1, the covering fraction is unchanged
with Zgas. This behavior applies for all Wcut.
not sensitive to virial mass.
4. DISCUSSION
In this work we have shown a picture of the cool/warm
CGM where trends become clearer once virial mass is taken
into account. According to the results presented in § 3, virial
mass determines the extent and strength of the Mg II absorb-
ing gas such that equivalent width increases with increasing
virial mass at fixed distance and decreases with increasing
distance from the galaxy at a fixed virial mass. In any given
narrow range of impact parameter, the equivalent widths are
systematically smaller in the CGM of smaller virial mass ha-
los and systematically larger in the CGM of higher virial mass
halos.
The data reveal that trends and correlations are present be-
tween several various quantities. To examine this further,
we explored the multivariate behavior of the absorption and
galaxy properties. We present this exercise and discuss the re-
sults in Appendix C. As will be further discussed below, these
directly examined trends and correlations are the underlying
physical relationships that yielded the results presented in our
initial study (Churchill et al. 2013), which clearly indicated a
virial mass segregation on the Wr(2796)–D that is responsible
for a substantial component of scatter in the Wr(2796) versus
D anti-correlation due to higher virial mass galaxies exhibit-
ing stronger absorption and larger impact parameter. Further-
more, we have reported here that the mean Wr(2796) is con-
stant with ηv = D/Rvir (especially for ηv ≤ 0.3, see Figure 5b).
These results, and the vanishing of the virial mass segregation
on the Wr(2796)–ηv plane (see Figure 1c of Churchill et al.
2013), which was quantified with a high statistical signifi-
cance, indicate that once distances are scaled to the virial ra-
dius of each galaxy, the Mg II absorbing CGM is self-similar
with virial mass.
4.1. The Absorption Radius
In § 3.1 we investigated, R(Mh), the absorption radius, and
the degree to which it shows dependence on virial mass for
various Wr(2796) absorption thresholds (see Figure 1). The
results indicate that when the Wr(2796) absorption threshold
is small, Wr(2796) ≥ 0.1 Å, the absorption radius is highly
proportional to virial mass (γ ≃ 0.45) and the covering frac-
tion is quite large fc ≃ 0.8. As the absorption radius is
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examined for progressively stronger absorption, the propor-
tionality to virial mass progressively decreases, such that for
Wr(2796)≥ 1.0 Å, γ ≃ 0.2. In addition, the covering fraction
decreases to fc ≃ 0.35.
For Wr(2796)≥ 0.1 Å, the fitted absorption radius increases
by an order of magnitude (from ∼ 10 kpc to ∼ 200 kpc)
over four decades of virial mass (10≤ logMh/M⊙ ≤ 14). As
such the fit predicts very extended absorption (D > 200 kpc)
for logMh/M⊙ > 13 when the weakest absorption is in-
cluded. Since we do not probe impact parameters greater
than D = 200 kpc, we do not have the data to verify this.
Interestingly, in a statistical study of 50,000 Mg II absorbers
(0.4 ≤ z ≤ 2.5) compared with images of the quasar fields
using SDSS data, Zhu et al. (2013) show that the mean
Wr(2796) follows a decreasing power law with impact pa-
rameter out to 10 Mpc. At D = 100 kpc, the mean equiv-
alent width of their sample is Wr(2796) ≃ 0.2 Å (compa-
rable to our mean equivalent width at this impact parame-
ter), and is Wr(2796) ≃ 0.003 Å at D = 10 Mpc. Assum-
ing NFW density profiles, they find that the surface den-
sity profile of Mg II absorbing gas, Σ(Mg II) [M⊙ pc−2] is
dominated by the single halo term out to 1 Mpc, outside
of which the two-halo term dominates the gas surface den-
sity profile. The results of Zhu et al. (2013) corroborate the
idea that Mg II absorption can be highly extended for weaker
absorption and may have implications for understanding the
redshift path density of the population of weak Mg II ab-
sorbers (Churchill et al. 1999; Rigby, Charlton, & Churchill
2002; Narayanan et al. 2007; Evans et al. 2013).
For Wr(2796) ≥ 1.0 Å, our fitted relation predicts that for
the most optically thick and/or kinematically complex absorb-
ing gas, the sensitivity of the absorption radius to virial mass
is not as pronounced, such that the radius increases by no
more than a factor of five (from ∼ 30 kpc to ∼ 150 kpc) over
the range 10 ≤ logMh/M⊙ ≤ 14.
The decrease in both the slope, γ, and the normalization,
R∗, with increasing Wr(2796) absorption threshold is strongly
governed by the fact that the average covering fraction de-
creases for stronger absorption and for increasing D (see
Nielsen et al. 2013b, and references therein). Most notably, it
may be the differential behavior with both Mh and Wr(2796)
absorption threshold in the “rate” at which the covering frac-
tion, fc(D), decreases with impact parameter [i.e., the slope of
fc(D)] that governs the behavior of γ and R∗ with Wr(2796)
absorption threshold [see Figure 2 of Churchill et al. (2013)
for an illustration of this differential behavior in fc(D)].
For the lowest (highest) Wr(2796) absorption threshold,
the relatively steeper (shallower) virial mass dependence of
R(Mh) reflects the steeper (shallower) decline in fc(D). Note
that this possible effect is most pronounced in the regime
logMh/M⊙ < 12, because the change in the slope of fc(D)
with Wr(2796) absorption threshold is most pronounced for
lower virial mass galaxies, being steepest for the lowest
Wr(2796) absorption threshold. This latter fact, in particu-
lar, results in the relatively large value of γ for the absorp-
tion threshold Wcut = 0.1 Å. Note that the differential behav-
ior in fc(D) is naturally explained by the self-similarity of
the Mg II absorbing CGM with virial mass, as discussed in
Churchill et al. (2013).
The substantial uncertainties in R∗ reflect the degree of
fuzziness (both radially and spatially) in the mean absorption
radius for a given absorption threshold. As such, the param-
eterizations of the absorption radius with virial mass reflect a
correlation between impact parameter and virial mass with the
interpretation that, on average, higher mass halos have a more
extended CGM with lower geometric covering fractions.
We caution that the formalism of an absorption radius
does imply a well-defined boundary to the extent of the
absorbing gas. The parameterization itself, as applied in
this work, incorporates the assumptions of a spherical ra-
dius (circular in projection) and that the sky covering of
the absorbing material is random. In hydrodynamic cos-
mological simulations, asymmetric filamentary structure in
the cool/warm phase of the CGM is a common feature
of simulations (Kereš et al. 2005, 2009; Dekel & Birnboim
2006; Ocvirk et al. 2008; Dekel et al. 2009; Ceverino et al.
2010; van de Voort et al. 2011; van de Voort & Schaye 2012;
Goerdt & Burkert 2013). Kacprzak et al. (2010) showed that
much of the Mg II absorbing gas in the outer regions of the
CGM is in the form of filaments. Using 123 galaxies from the
MAGIICAT sample, Kacprzak, Churchill, & Nielsen (2012)
reported that the covering fraction is a maximum fc = 0.80
along the projected minor axis, is fc = 0.65 along the projected
major axis, and minimizes at fc = 0.50 at projections interme-
diate to these two galactic axes. Thus, for Mg II absorbing gas,
the assumptions of a spherical geometry and random covering
fraction are not supported by simulations nor observations so
that the above parameterization provides the mean behavior
of the Mg II-absorbing CGM with virial mass averaged over
all galaxy orientations.
By scaling the absorption radius by virial radius, we ob-
tain the remarkable result that the mass-normalized absorp-
tion envelope, η(Mh), is very weakly dependent on virial mass
(γ′ ≤ ±0.1) and has a value of η∗v = R∗/R∗vir ≃ 0.3 indepen-
dent of Wr(2796) absorption threshold. Inspection of Figure 2
reveals that the number of galaxies with absorption above
all Wr(2796) absorption thresholds drops dramatically outside
the inner 30% of the virial radius. This suggests that both op-
tically thin and/or kinematically quiescent and optically thick
and/or kinematically complex absorbing gas is strongly con-
centrated within the inner 30% of the virial radius regardless
of the virial mass of the galaxy.
The relatively weak dependence of η(Mh) on Mh and
the decreasing covering fraction with increasing Wr(2796)
absorption threshold are both consistent with the fact that
the slope of fc(D/Rvir) is virtually identical for lower and
higher virial mass galaxies, but becomes shallower with
increasing Wr(2796) absorption threshold [see Figure 2 of
Churchill et al. (2013) for an illustration of this behavior in
fc(D/Rvir)].
The behavior of both the absorption radius and the mass-
normalized absorption envelope are consistent with the re-
sults presented in Figures 4 and 5, which show that the mean
Wr(2796) increases with virial mass within a finite impact pa-
rameter range, but is constant with ηv = D/Rvir, especially for
ηv ≤ 0.3. There is a remarkable self-similarity in the mean
absorption relative to the virial radius over the full range of
virial masses represented in our sample. The Mg II column
densities (governed by metallicity, density, and cloud size),
and/or kinematics (number of clouds) are, on average, highly
similar across virial mass within the inner 30% of the virial ra-
dius, and possibly out to the virial radius. However, since the
virial radius is proportional to virial mass, the physical extent
of the absorbing gas is greater for galaxies with higher virial
mass. For the CGM to have the similar average Wr(2796) for
all virial masses as a function of ηv = D/Rvir, it implies that
the mean Wr(2796) increases with virial mass in finite impact
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parameter ranges (which is confirmed with our sample).
The observed increase in the mean Wr(2796) with virial
mass in finite range of impact parameter is also apparent in
the virial mass dependence of the upper envelope of absorp-
tion, as shown in Figure 3a. This implies a virial mass “gra-
dient” in the Wr(2796)–D plane in the direction of increas-
ing Wr(2796). The steepening in the relationship between
Wr(2796) and virial mass as impact parameter is decreased, as
shown in Figure 3b, reflects the fact that this mass gradient is
steeper at smaller impact parameters6. To a large degree, this
mass gradient provides insight into the systematic scatter of
Wr(2796) on the Wr(2796)–D plane, and the significant reduc-
tion of scatter of Wr(2796) on the Wr(2796)–ηv plane shown
in Churchill et al. (2013). Since, on average, virial mass is
correlated with galaxy luminosity (per the formalism of halo
abundance matching), this explains the significant systematic
luminosity segregation on the Wr(2796)–D plane reported in
Paper II (Nielsen et al. 2013b).
Thus, examination of the data using several methods, as
presented in Figures 1–5, all corroborate a picture in which
the Mg II-absorbing CGM is self-similar with relative location
with respect to the virial radius.
4.2. The Cooling Radius
We have investigated the behavior of Wr(2796) with ηc =
D/Rc, the projected location where the absorption arises with
respect to the theoretical cooling radius. Within the theoret-
ical formalism of the cooling radius, i.e., to the degree that
it can be viewed as a truly physical phenomenon associated
with galaxy halos, we find that Mg II absorption is found both
inside and outside the cooling radius. For the optically thin
and/or kinematically quiescent gas, the covering fraction is
roughly a factor of two higher inside the cooling radius as
compared to outside. However, for stronger absorption, the
covering fraction is independent of whether the gas is outside
or inside the cooling radius.
The model of Maller & Bullock (2004) does not predict
cool/warm clouds in the CGM outside the cooling radius. If
the Mg II absorbing clouds have a single origin of fragmenta-
tion and condensation out of the hot coronal gas, then our find-
ings might suggest the underlying physical principles from
which a theoretical cooling radius is derived should be ques-
tioned. However, the model of Maller & Bullock (2004), by
design, does not include stellar feedback mechanisms nor ac-
cretion from the intergalactic medium or mergers.
If there is reality to the theoretical cooling radius, we
would then infer that absorbing structures residing outside the
cooling radius are either recycled/processed clouds, winds,
and/or infalling material and that the properties of cool/warm
CGM gas are not fundamentally governed by where the gas
resides relative to the cooling radius. That is, the non-
negligible covering fraction for Mg II absorption outside the
theoretical cooling radius corroborates a multiple origins
scenario for the cool/warm CGM provided by direct ob-
servation of winds (Tremonti et al. 2007; Martin & Bouché
2009; Weiner et al. 2009; Rubin et al. 2010; Martin et al.
2012), infall (Rubin et al. 2011; Kacprzak et al. 2010, 2012),
rotation kinematics (Steidel et al. 2002; Kacprzak et al.
2011), superbubble kinematics (Churchill, Vogt, & Steidel
1995; Bond et al. 2001; Ellison et al. 2003), and orien-
tation effects (Bordoloi et al. 2011; Bouché et al. 2011;
6 This statement may seem to contradict the data presented in Figure 4, but
we remind the reader that Figure 4 presents logWr(2796) versus D.
Kacprzak, Churchill, & Nielsen 2012).
4.3. Comparison to Previous Works
Bouché et al. (2006) used a large (≃ 1800) sample of z ≃
0.5 Mg II absorbers with Wr(2796)> 0.3 Å and some 250,000
luminous red galaxies (LRGs) to obtain a statistical rela-
tion between equivalent width and virial mass for their flux-
limited LRG sample. They estimated the virial masses of
the absorbers by measuring the bias in the absorber-LRG
cross-correlation relative to the LRG auto-correlation func-
tion. They reported a 3σ anti-correlation between virial mass
and equivalent width, which they interpret as showing that
Mg II absorbers are not virialized within their host halos but
instead originate from galactic winds in star forming galaxies.
In a study using a similar sample size and covering a simi-
lar redshift range, Gauthier et al. (2009) applied an essentially
identical method and report a ∼ 1 σ anti-correlation between
equivalent width and virial mass for their volume-limited
LRG sample. Defining stronger absorbers to have Wr(2796)>
1.5 Å and weaker absorbers to have 1.0 < Wr(2796) ≤
1.5 Å, they conclude that their weaker Mg II absorbers (as-
sociated with logMh/M⊙ < 13.4) are clustered more than
their stronger absorbers (associated with logMh/M⊙ < 12.7).
Such a result would be consistent with the halo occupation
model of Tinker & Chen (2008) in which the strongest Mg II
absorbers are suppressed in the most massive halos, which
would reduce the clustering of strong Mg II absorbers.
Motivated by the model of Tinker & Chen (2008) and
the Wr(2796)–Mh anti-correlation of Bouché et al. (2006),
Lundgren et al. (2009) also undertook a similar analysis of
0.36≤ z≤ 0.8 Mg II absorbers with Wr(2796)> 0.8 Å, which
they cross correlated with some 1.5 million LRGs (volume-
limited sample). They report a “marginal” anti-correlation
(significance level not stated) between Wr(2796) and virial
mass and conclude that their weaker Mg II absorbers occupy
halos some 25 times more massive than their stronger ab-
sorbers. With a substantially larger and more controlled sam-
ple than that of Bouché et al. (2006), they were unsuccess-
ful at obtaining a higher significance in the Wr(2796)–Mh
anti-correlation; they actually found a weaker signal than
Bouché et al. (2006). The Lundgren et al. (2009) work actu-
ally calls into question the veracity of a Wr(2796)–Mh anti-
correlation.
In direct conflict with the 3 σ result of Bouché et al.
(2006) and the less statistically significant follow-up results
of Gauthier et al. (2009) and Lundgren et al. (2009), we have
shown that our data are highly consistent with no correla-
tion between Wr(2796) and Mh when all impact parameters
are considered; the rank correlation tests are highly consistent
with the null hypothesis of no correlation (0.1 σ).
In Figure 8a, we directly compare our sample to
those of Bouché et al. (2006), Gauthier et al. (2009), and
Lundgren et al. (2009). Since Bouché et al. (2006) reports
the most significant Wr(2796)–Mh anti-correlation, we binned
our data to match theirs, however, we plot the Gauthier et al.
(2009) and Lundgren et al. (2009) data as presented in those
works. For absorbers with Wr(2796) > 0.3 Å, our results are
consistent within uncertainties with all three absorber-LRG
cross-correlation studies. Interestingly, there is a slight dis-
crepancy at Wr(2796)∼ 2.4 Å where Bouché et al. (2006) ob-
tain an upper limit on the mean virial mass that is ∼ 2σ lower
than our value. Since the Bouché et al. (2006) sample is lim-
ited to D ≤ 140 kpc, we recomputed 〈logMh/M⊙〉 for the
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FIG. 8.— (a) Mean virial mass, 〈logMh/M⊙〉, versus Wr(2796) for Wr(2796) ≥ 0.3 Å. Shown are the data from Gauthier et al. (2009) [red], Lundgren et al.
(2009) [green], Bouché et al. (2006) [blue], and this work [black]. Downward arrows indicate upper limits on virial mass. For comparison, the data from this work
have been presented using the equivalent width bins defined by Bouché et al. (2006). Solid black data points include all impact parameters, whereas the open
black data points include only those galaxies probed at D < 140 kpc for direct comparison with the sample of Bouché et al. (2006). Error bars for our data are
the standard deviation in 〈logMh/M⊙〉. Our data do not reproduce the Mh–Wr(2796) anti-correlation claimed by authors using absorber-galaxy cross-correlation
techniques. (b) Same as for (a), but including the mean virial mass in the range Wr(2796) < 0.3 Å. Since many of the points with Wr(2796) ≤ 0.3 Å are upper
limits, we annotate the binned point with an arrow. No trend between 〈logMh/M⊙〉 and Wr(2796) is found even with the inclusion of the weakest absorbers and
“non-absorbers”.
subsample of our data for which D ≤ 140 kpc. These points
are plotted as open points. There is no change in the mean
virial mass for Wr(2796) > 2 Å and only an insignificant re-
duction in the mean virial mass for Wr(2796)< 2 Å.
Since we probe well below Wr(2796) = 0.3 Å, where the ma-
jority of our equivalent width measurements are upper limits
(3 σ), we computed 〈logMh/M⊙〉 for the non-absorbers and
the weakest absorbers. In Figure 8b, we compare our data di-
rectly to those of Bouché et al. (2006) and add the data point
for Wr(2796)< 0.3 Å absorbers and non-absorbers. Our data
are consistent with no Wr(2796)–Mh anti-correlation over this
much broader equivalent width range. We caution that≃ 20%
of the Wr(2796) < 0.3 Å absorbers and non-absorbers reside
at D > 140 kpc, whereas the Bouché et al. (2006) systems all
reside at D < 140 kpc. However, as we showed above, the
inclusion of larger impact parameters has a negligible effect
on the mean virial mass.
In summary, we find no anti-correlation between Wr(2796)
and Mh, whether we binned our data to obtain the means
(per Figure 8) or performed statistical tests on the unbinned
data. In fact, we find trends that suggest Wr(2796) and Mh
are correlated in finite ranges of impact parameter. Our data,
as presented in Figure 8, are statistically consistent with the
cross correlation clustering analyses of Bouché et al. (2006),
Gauthier et al. (2009), and Lundgren et al. (2009); however,
our results do not imply any suggestion of a Wr(2796)–Mh
anti-correlation.
4.4. Implications for Clustering
If, per the halo occupation model of Tinker & Chen (2008),
higher mass halos have a CGM environment that suppresses
Mg II absorbers, then the covering fraction of the CGM would
be observed to decline for higher virial mass galaxies. This
would reduce the clustering of stronger absorbers. How-
ever, the model of Tinker & Chen (2008) is tuned to match
the Wr(2796)–Mh anti-correlation reported by Bouché et al.
(2006).
In this work, we have shown that the data do not support a
Wr(2796)–Mh anti-correlation7, but do support a strong pos-
itive trend in finite impact parameter ranges. Churchill et al.
(2013) showed that the covering fraction is effectively invari-
ant with virial mass (see their Figures 3 and 4), even for differ-
ent Wr(2796) absorption thresholds. This fact places tension
on the halo occupation model, and it remains to be worked out
how this would change the argument for weaker clustering of
stronger Mg II absorbers.
We expect that the lack of a Wr(2796)–Mh anti-correlation
and the invariance in the Mg II covering fraction with virial
mass would nullify a weaker clustering of stronger Mg II ab-
sorbers. Interestingly, Rogerson & Hall (2012), using paired
quasar sightlines of Mg II absorbers, were able to show that
the Tinker & Chen (2008) model was ruled out because the
model failed to reproduce the observed variation in Mg II ab-
sorption between sightlines.
4.5. Interpretations
In addition to quantifying the extent of Mg II absorbing gas,
previous works have also investigated physical interpretations
to understand the CGM, both within the context of other halo
gas statistics and the theoretical framework of gas accretion
and galactic outflows. Along these lines, Bouché et al. (2006)
claim that an anti-correlation between Wr(2796) and Mh is
a natural consequence of the behavior of absorber statistics
and that since there are no strong Mg II absorbers at large
distances from galaxies, equivalent width must be inversely
proportional to virial mass. They argue that this physical re-
lation follows from the combined results that the absorption
7 We add that BHK-τ non-paramteric rank correlation tests on the unbinned
data also indicate no correlation between LK/L∗K and Wr(2796) [P(τk) = 0..52,
N(σ) = 0.6], nor MK and Wr(2796) [P(τk) = 0.65, N(σ) = 0.5].
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radius is proportional to galaxy luminosity, R(L) = R∗(L/L∗)β
with β > 0, and that the equivalent width is inversely propor-
tional to absorption radius, Wr(2796) = α1 logR(L) +α2 (with
α1 < 0), the latter reflecting the Wr(2796)–D anti-correlation.
The Bouché et al. (2006) argument is based upon the as-
sumption that there is no virial mass dependence on the slope
and normalization (α1 and α2) of the upper absorption en-
velope (absorption radius), which forces the inference that
there is a horizontal virial mass gradient on the Wr(2796)–
D plane such that higher mass halos are preferentially found
at larger impact parameter. As shown in Figure 3a, a galaxy
with strong Mg II absorption usually has absorption at small
impact parameter. However, the fact that absorption occurs
closer to a galaxy does not imply that the halo is low mass and
the fact that absorption occurs far from a galaxy does not im-
ply that it has high virial mass. What we find is that stronger
(weaker) absorption in a finite impact parameter range implies
the host galaxy has a higher (lower) virial mass, and this ap-
plies regardless of whether the impact parameter is small or
large (also see Figure 3b).
Galaxies that inhabit more massive dark matter halos sim-
ply have stronger absorption at a given distance, even though
Wr(2796) decreases with distance at a given mass. Our data
directly show that the virial mass gradient on the Wr(2796)–D
plane is vertical, such that the slope of the upper absorption
envelope steepens with increasing virial mass. This behav-
ior results in a flat relationship between the mean Wr(2796)
as a function of virial mass when all impact parameters are
included in the mean.
4.6. Abundance Matching Considerations
Since the halo abundance matching method yields the aver-
age virial mass for a galaxy with a measured Mr, the behav-
ior of the Mg II absorbing CGM reported in this work reflects
an averaged behavior with virial mass, and is not based upon
a 1:1 correspondence between Wr(2796) and a dynamically
measured virial mass, Mh. However, we note several reasons
that the averaged behavior is an accurate representation.
First, the analysis does provide a 1:1 correspondence be-
tween Wr(2796) and Mr. Each galaxy associated with a mea-
surement of Mg II absorption has a measured r-band luminos-
ity. Second, for halo abundance matching, the relationship
between the average virial mass and Mr at a given redshift is
monotonic and smooth (see Figure A1); thus, the main differ-
ence between results obtained using the average virial mass as
opposed to the measured Mr is contained in the slope of the
Mh–Mr relation as a function of Mr . This slope steepens at
the bright end, which effectively provides a stretching in the
dynamic range of the galaxy property being compared to the
Mg II absorption, essentially increasing the leverage and/or
moment arm over which the CGM-galaxy connection can be
explored. Third, the general behavior of Wr(2796) with virial
mass, including mass dependence of the covering fraction,
fc(D), mass segregation on the Wr(2796)–D plane, etc., is also
seen directly with LB/L∗B, LK/L∗K , MB, and MK (Nielsen et al.
2013b). For the luminosities, the trends with MK (a proxy for
stellar mass) are invariably the most statistically significant.
The higher statistical significance for these trends and cor-
relations with virial mass is a consequence of the rapid in-
crease in virial mass at the bright end of the luminosity func-
tion, which, as stated above, provides added leverage for ex-
ploring the galaxy-CGM connection. The added benefit of
employing the average virial mass is that the average virial
radius of an Mr galaxy can be incorporated into the analy-
sis. Knowing the physical extent of the dark matter halo has
provided enhanced insight. For example, the significantly re-
duced scatter and vanishing of virial mass segregation on the
Wr(2796)-ηv plane as compared to the Wr(2796)-D plane, the
tight scaling of Wr(2796) with (ηv)−2, the self-similarity of
the covering fraction, fc(ηv), and the invariance of the mean
Wr(2796) with virial mass in finite ηv ranges. Virial mass
also provides a formalism for estimating the theoretical cool-
ing radius, which has provided some insight into the fact that
Mg II absorption strength and covering fraction shows no de-
pendence on this theoretically based quantity.
5. SUMMARY AND CONCLUSIONS
Using 182 Mg II absorbing galaxies from MAGIICAT, we
have examined the behavior of the Mg II absorbing CGM in
relation to the virial mass of the host galaxy. Details of the
sample are described fully in Paper I (Nielsen et al. 2013a)
and Paper II (Nielsen et al. 2013b).
In this work, we have presented additional details of
the halo abundance matching technique previous applied by
Churchill et al. (2013). Calculation of the virial radii was de-
scribed in that study. In this work, we incorporated the theo-
retical cooling radius, which we computed using the multi-
phase halo model of Maller & Bullock (2004) adopting a
cool/warm gas component (104 ≤ T ≤ 105 K) and a hot gas
coronal component (T ≥ 105.5 K). The cool/warm compo-
nent corresponds to the Mg II absorbing gas probed in this
study. Since the median virial mass of our galaxy sample is
logMh/M⊙ = 12, we will refer to logMh/M⊙ < 12 as lower
mass halos and logMh/M⊙ > 12 as higher mass halos.
In an effort to understand the relationships between the
presence and strength of Mg II absorption in the CGM of these
galaxies, we examined the behavior of the Mg II λ2796 rest-
frame equivalent width, Wr(2796), with virial mass, Mh, im-
pact parameter, D, projected location relative to the virial ra-
dius, ηv = D/Rvir, and projected location relative to the theo-
retical cooling radius, ηc = D/Rc. Highlights of our findings
include:
(1) Assuming a Holmberg-like virial mass dependence to
the Mg II “absorbing radius”, R(Mh) = R∗(Mh/M∗h)γ , where
M∗h = 1012 M⊙, we found a factor of two steepening in the
power law index, from γ ≃ 0.2 to γ ≃ 0.4, as the Wr(2796)
absorption threshold is decreased from Wr(2796) = 1.0 Å to
0.1 Å (see Figure 1). We also found that the normalization
at M∗h, slightly increases with decreasing Wr(2796) absorp-
tion threshold. These behaviors indicate cool/warm gas is
more extended around higher virial mass galaxies than around
lower mass galaxies and the CGM is patchier (more highly
structured) as Wr(2796) absorption threshold increases.
(2) The absorption radius parameterizations were applied
to determine the “mass-normalized absorption envelope”,
ηv(Mh) = η∗v (Mh/M∗h)γ
′
, where γ′ = γ −1/3 and η∗v is the ratio
R∗ to Rvir for an M∗h galaxy (see Figure 2). We found that the
mass dependence of the mass-normalized absorption envelope
is very weak, ranging from γ′ ≃ 0.1 to γ′ ≃ −0.14, as the
Wr(2796) absorption threshold is increased from Wr(2796) =
0.1 Å to 1.0 Å. The mean extent for all Wr(2796) absorption
thresholds is η∗v = 0.3. Given the weak virial mass depen-
dence, this implies that the majority of Mg II absorption, re-
gardless of virial mass or absorption strength, resides within
the inner 30% of the virial radius (in projection).
(3) In finite impact parameter ranges, we found that
the mean Wr(2796) shows a strong trend (greater than
16 CHURCHILL ET AL.
2.5 σ significance) to increase with increasing virial mass
in a power-law fashion (see Figure 4). The slope of the
maximum-likelihood fit increases with increasing impact pa-
rameter, whereas the zero point decreases (reflecting the
anti–correlation on the Wr(2796)–D plane; see Nielsen et al.
2013a). On average, at a given impact parameter, optically
thicker, higher column density and/or more kinematically
complex cool/warm gas is associated with higher mass halos,
whereas weaker absorption and optically thinner gas is asso-
ciated with lower mass halos. However, in finite ηv = D/Rvir
ranges, the mean Wr(2796) is constant with virial mass (see
Figure 5). These findings imply a self-similarity in the behav-
ior of the Mg II absorbing CGM properties with virial mass,
consistent with the covering fraction behavior reported by
Churchill et al. (2013). The mean absorption strength funda-
mentally depends upon where the gas resides relative to the
virial radius.
(4) To the degree that the theoretical cooling radius, Rc, is
a physically real location, the projected distance where the
CGM is probed with respect to the cooling radius, ηc = D/Rc,
is a poor indicator of Mg II absorption strength (see Figure 6).
On the Wr(2796)–ηc plane, cool/warm absorbing gas is com-
monly found outside the theoretical cooling radius and the
range of ηc over which absorption is found increases with in-
creasing Wr(2796). Taking into account the scaling between
virial mass and the theoretical cooling radius, we found that
the covering fraction inside the cooling radius mirrors the be-
havior of the covering fraction as a function of impact pa-
rameter (see Churchill et al. 2013). If the cooling radius is
a real entity, the presence of Mg II absorbing clouds outside
the cooling radius implies that the cool/warm CGM gas likely
does not originate only from fragmentation and condensation
out of the hot coronal gas halo.
(5) Though we report a strong trend for increasing Wr(2796)
with increasing virial mass in finite impact parameter ranges,
the mean Wr(2796) is independent of virial mass when av-
eraged over all impact parameters (see Figure 8). A BHK-
τ rank-correlation test on the unbinned equivalent widths
yields a less than 0.1 σ significance for ruling out no corre-
lation with virial mass (see § 4 for additional details). The
lack of correlation between mean Wr(2796) and mean virial
mass is contrary to the Wr(2796)–Mh anti-correlations re-
ported by Bouché et al. (2006), Gauthier et al. (2009), and
Lundgren et al. (2009) using virial mass bias galaxy-absorber
cross correlation techniques. We note that, statistically, our
data are not inconsistent with their data, but our data clearly
suggest no anti-correlation between Wr(2796) and virial mass.
This places tension on halo occupation models of Mg II ab-
sorbing gas (cf., Tinker & Chen 2008) and would suggest that
stronger Mg II absorbers are not necessarily less clustered than
weaker absorbers.
5.1. What Drives the Self-Similarity of the CGM?
A main result of this work is that the properties of the
cool/warm component of the CGM are self-similar with virial
mass and fundamentally connected to the parameter ηv =
D/Rvir, the projected galactocentric distance of the gas rel-
ative to the virial radius. Regardless of viral mass, the mean
Mg II absorption strength is first and foremost governed by
where it resides with respect to the virial radius of the halo.
We found that the majority of the Mg II absorbing cool/warm
CGM is located within the inner 30% of the virial radius.
Though the mean Wr(2796) strongly trends toward a pos-
itive correlation with virial mass in finite impact parameter
ranges, the overall lack of a correlation between the mean
Wr(2796) and virial mass when all impact parameters are in-
cluded is due to the highly significant anti-correlation between
Wr(2796) and impact parameter at fixed virial mass. Most re-
markable is that the mean Wr(2796) is constant as a function
of ηv = D/Rvir for ηv ≤ 0.3, and may be constant all the way
out to the virial radius.
Nielsen et al. (2013b) showed that the Mg II covering frac-
tion decreases with increasing Wr(2796) absorption thresh-
old at all impact parameters and decreases with increas-
ing distance from the central galaxy. Churchill et al. (2013)
showed that the Mg II absorption covering fraction is effec-
tively invariant as a function of virial mass for all Wr(2796)
absorption thresholds, though it decreases as the Wr(2796)
absorption threshold is increased. The latter result places
tension on the notion that “cold-mode” accretion is sup-
pressed in higher mass halos (logMh/M⊙ ≥ 12) as pur-
ported by Birnboim & Dekel (2003), Kereš et al. (2005),
Dekel & Birnboim (2006), and Stewart et al. (2011). One so-
lution is that much of the Mg II absorbing gas in higher mass
halos arises in outflowing winds and/or infalling metal en-
riched sub-halos (low-mass satellite galaxies, some of which
may be embedded in filaments).
Whatever the reasons that explain invariance of the cov-
ering fraction with galaxy virial mass, the data indicate that
the mean Wr(2796) scales as an inverse-square power law,
(D/Rvir)−2, with remarkably low scatter over several decades
of virial mass (Churchill et al. 2013). Combined, the virial
mass invariance of the covering fraction and the inverse-
square profile of the mean equivalent width place strong con-
straints on the nature of the low-ionization CGM and are
highly suggestive that the CGM is self-similar with the virial
mass of the host galaxy.
We note that our results are remarkably consistent with the
findings of Stocke et al. (2013), who examined the CGM in
multiple low- and high-ionization transitions for ≃ 70 galax-
ies at z ≤ 0.2. They find that the majority of the metal-line
absorbing gas in the CGM resides within the inner 50% of the
virial radius. They also report that, once virial radius scal-
ing is applied, there is little distinction between CGM clouds
as a function of galaxy luminosity, radial location, or relative
velocity. Furthermore, Stocke et al. (2013) find that the ab-
sorbing cloud diameters decrease with (D/Rvir)−1.7±0.2, which
is very close to an inverse square relationship (however, the
derived diameters exhibit considerable scatter about the rela-
tion).
Stating that the cool/warm CGM is self-similar across
a wide range of virial mass is not equivalent to stat-
ing that the CGM is identical for all galaxies vis-à-
vis a simple scaling with virial radius. Evidence for
multiple origins of Mg II absorbing clouds, such as
winds (Tremonti et al. 2007; Martin & Bouché 2009;
Weiner et al. 2009; Rubin et al. 2010; Martin et al. 2012;
Bradshaw et al. 2013; Bordoloi et al. 2013), superbub-
bles (Churchill, Vogt, & Steidel 1995; Bond et al. 2001;
Ellison et al. 2003), infall (Rubin et al. 2011; Kacprzak et al.
2010, 2012), and evidence for rotation kinematics
(Steidel et al. 2002; Kacprzak et al. 2011) and orienta-
tion dependencies (Bordoloi et al. 2011; Bouché et al. 2011;
Kacprzak, Churchill, & Nielsen 2012) precludes such a
notion. Furthermore, galaxies of different dark matter halo
masses live in different overdensities and therefore local
environments.
We are faced with the central question: how is it that the
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various physical processes governing the cool/warm baryons
in the CGM, which respond to their host dark matter density
profile and local over-dense environment, yield mass invariant
covering fractions and self-similar radial profiles of the mean
Mg II absorption strengths with location relative to the virial
radius, R/Rvir, over a large range of galaxy virial mass?
It is well established that higher mass halos live in higher
overdensity regions and are surrounded by greater numbers of
sub-halos (e.g., Mo & White 1996; Klypin et al. 2011). The
more massive sub-halos can form stars and chemically en-
rich their immediate surrounding, such that absorbing gas
in sub-halos likely comprises some component of what we
call the cool/warm CGM of higher mass halos (Kepner et al.
1999; Gnat & Sternberg 2004; van de Voort & Schaye 2012).
Lower mass halos, in contrast, live in lower overdensity
regimes, where the contribution of enriched gas to their CGM
from sub-halos is presumably lower. On the other hand,
the influence of stellar feedback may have a relatively more
important influence on the CGM of lower mass galaxies
(e.g., Dalla Vecchia & Schaye 2008; Weinmann et al. 2012;
Ceverino et al. 2013; Trujillo-Gomez et al. 2013). A great
deal of theoretical work is pushing the frontiers of our under-
standing of the different dominating physical processes gov-
erning the ISM-CGM-IGM cycle as a function of galaxy stel-
lar and virial mass, and we will highlight some of these in the
below discussion.
As speculated by Werk et al. (2013), the decrease in the av-
erage absorption strength in low-ionization metals with in-
creasing impact parameter could imply a decreasing surface
density in these ions, a decreasing metallicity, and/or an in-
creasing ionization state with increasing galactoccentric dis-
tance, R, from the central galaxy. Interestingly, Stocke et al.
(2013), having performed ionization modeling of CGM ab-
sorbing clouds for their sample, find no clear trends in cloud
ionization parameter, density, metallicity, or temperature with
distance from the central galaxy or with galaxy luminosity
(though they do find trends for decreasing cloud sizes and
masses with distance from the central galaxy, which reflects
the decreasing H I column density). This would suggest that
neither a metallicity gradient nor an ionization gradient in the
CGM is the driving mechanism governing the Wr(2796)–D
anti-correlation out to the virial radius.
Werk et al. (2013) also conclude that it is unlikely that the
star formation rate in the central galaxy is a dominant factor
governing the strength of low ion absorption. Instead, they
find that the column densities of the low-ionization species
correlate with stellar mass, indicating that there is more cir-
cumgalactic gas in more massive galaxy halos. Similarly,
Zhu & Ménard (2013) find that the amount of Ca II in halos
is larger for galaxies with higher stellar mass. Since stellar
mass and virial mass are correlated, these results are consis-
tent with our findings of a more extended upper envelope to
the absorption with increasing virial mass (see Figure 3a) and
a proportionality between Wr(2796) and virial mass in finite
impact parameter ranges (see Figure 4).
Examining the average properties z = 0.25 galaxies in low-
resolution cosmological simulations that include momentum-
driven winds, Ford et al. (2013a) employed ionization mod-
eling of the CGM gas and found that Mg II absorbing gas
column density is centrally concentrated and decreases with
increasing R from the central galaxy with very little qual-
itative morphological difference in the radial profiles with
halo mass (filaments, satellite galaxies, and sub-halos are az-
imuthally smoothed out). They find virtually no tempera-
ture gradient with impact parameter for the low-ionization
species, which arises in T = 104−4.5 K gas. Though more
massive halos have larger hot gas fractions (Kereš et al. 2005;
van de Voort & Schaye 2012), Ford et al. (2013a) find the
overdensity of gas where H I absorption arises increases with
halo mass from ∆ρ/ρ = 102 for logMh/M⊙ = 11 to ∆ρ/ρ =
103 for logMh/M⊙ = 13 (D∼ 100 kpc); most of the H I arises
in cool/warm T < 105 K gas, even in the highest mass halos.
The simulations and modeling of Ford et al. (2013a) clearly
show that the extent of the cool/warm CGM increases with
increasing galaxy virial mass; galaxies in more massive halos
have a more extended CGM than galaxies in lower mass halos.
Inspection of their Mg II column density profiles show a pre-
dicted mean Mg II column density of 〈N(Mg II)〉 = 1013 cm−2
at D ≃ 20 kpc for logMh/M⊙ = 11 and D ≃ 100 kpc for
logMh/M⊙ = 13. Assuming thermal broadening for T =
104.5 K, this corresponds to a mean absorption strength of
〈Wr(2796)〉 = 0.15 Å, a value consistent with our measure-
ments at these impact parameters. Thus, the simulations and
ionization modeling predict that a given Wr(2796) value, on
average, will be measured at a larger impact parameter in
higher mass halos in a manner that is consistent with our
findings. We also note that these example points probe the
same ηv = D/Rvir, since the ratio of the virial radii of the two
simulated galaxies, (1011/1013)1/3 ≃ 1/5, equals the ratio of
the impact parameters of the respective galaxies. A constant
mean Wr(2796) with ηv is precisely the behavior we showed
in Figure 5.
As such, the results of Ford et al. (2013a) provide a natu-
ral explanation for the self-similarity of the cool/warm CGM
with virial mass. Their simulations imply that winds con-
tribute to the presence of Mg II absorption in the CGM such
that higher mass halos have larger mean Wr(2796) at a fixed
impact parameter. Sub-halos (satellites) and filamentary in-
fall play a role as well, since these contributions were simply
smoothed (averaged out) in the radial gas profiles presented
by Ford et al. (2013a). That is, predominantly photoionized
outflowing winds and accreting sub-halo clumps could go a
long way toward explaining the average self-similar proper-
ties of the low ionization CGM across several decades of virial
mass.
It would be of interest to examine the column density pro-
files from the Ford et al. (2013a) work as a function of D/Rvir
and virial mass to quantify the degree that they are self-similar
with virial mass. The foremost observational constraints that
any model would be required to satisfy are the inverse-square
profile, Wr(2796) ∝ (D/Rvir)−2, and the virial mass invariant
covering fraction that decreases with increasing Wr(2796) ab-
sorption threshold, both of which should be measured using
“mock” absorption line analysis through the simulated halos.
Though our data show that the average Mg II absorption
strength in the CGM obeys clear trends with virial mass,
impact parameter, and virial radius, there is a great deal of
spread in the distribution of Wr(2796). The spread is signif-
icant enough that the frequency of non-detections increases
with increasing impact parameter. This could possibly be due
to substantial variations in the metallicity of the CGM from
sightline to sightline, even in the absence of a clear metallic-
ity gradient out to the virial radius. We now consider the pos-
sibility of a correlation between stellar/virial mass with the
metallicity of the cool/warm CGM in gas and plausible expla-
nations for strong variations in metallicity in the CGM from
sightline to sightline.
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Tremonti et al. (2004) reported a tight correlation between
stellar mass, M∗, and gas-phase metallicity, ZISM, of the inter-
stellar medium (ISM) spanning three decades of stellar mass
and a factor of ten in metallicity. Mannucci et al. (2010) ex-
amined the more general relation between stellar mass, gas-
phase metallicity, and star formation rate (SFR) and found a
tight surface in this 3D space, dubbed the fundamental metal-
licity relation (FMR). At low stellar mass, metallicity de-
creases with increasing SFR, while at high stellar mass, metal-
licity is independent of SFR. Bothwell et al. (2013) showed
that SFR may not be the fundamental third parameter of the
FMR; they find that H I mass drives the stellar-mass metallic-
ity relation such that metallicity continues to correlate with
stellar mass as H I mass increases. Stellar mass and H I mass
correlations with gas phase metallicity in the ISM may sug-
gest a similar relation, on average, in the CGM. However, the
CGM being much more extended, and being an interface with
the IGM, is undoubtedly more complex such that sightline to
sightline variations could mask a galaxy/halo mass metallicity
correlation.
Indeed, in order to understand the stellar-mass metallicity
correlations, the flow and recycling of ISM and IGM gas
through the CGM must be invoked and tuned. Davé et al.
(2011a) determined that gas content is regulated by a com-
petition between inflow and gas consumption within the in-
terstellar medium, which is governed by the star formation
law. That is, star-forming galaxies develop via a slowly evolv-
ing equilibrium balanced by inflows (driven by gravity/mass),
wind recycling, star formation rates, and outflows, the latter
regulating the fraction of inflow that gets converted into stars
(Davé et al. 2011b). Dayal et al. (2013) found that for more
massive galaxies, ISM metal enrichment due to star formation
is diluted by inflow of metal-poor IGM gas that yields a con-
stant value of the ISM gas metallicity with SFR (thereby re-
producing the FMR at high mass). In these massive galaxies,
the effects of outflows are severely mitigated due to the deep
gravity wells. Conversely, lower mass galaxies, which have
smaller SFR, produce lower metallicity outflows, but they
are more efficiently distributed throughout the CGM due to
the shallower potential wells. A similar model by Lilly et al.
(2013) indicates that the M∗–Mh relation, established by bary-
onic processes within galaxies, suggests a significant fraction
(40%) of baryons coming into the halos are being processed
through the galaxies.
Thus, we see that the mass-metallicity relationships of
galaxies (e.g., Tremonti et al. 2004; Mannucci et al. 2010;
Bothwell et al. 2013) theoretically suggest a regulatory phys-
ical cycle between the ISM and the CGM that involves lower
metal enrichment of the CGM in lower mass galaxies and
higher metal enrichment of the CGM in higher mass galax-
ies; however, the wind/outflowing material is more efficiently
distributed into the CGM in lower mass galaxies and less ef-
ficiently distributed in higher mass galaxies. This general
behavior of the wind/recycled gas, coupled with the rates at
which clumpy and filamentary accretion is mixed in the CGM,
likely provides an excellent first-order physical understanding
of how the CGM of galaxies living in different mass halos can
be self-similar in their mean Mg II absorption properties. We
remind the reader that self-similar means the projected profile
of Mg II absorption strength with respect to the virial radius is
universal, i.e., Wr(2796) ∝ (D/Rvir)−2, and the covering frac-
tion of the CGM is independent of virial mass.
Turnshek et al. (2005) reported that gas-phase metallicity
strongly correlates with the velocity spread of Mg II [Wr(2796)
expressed in velocity units] for large N(H I) absorbers. Us-
ing zCOSMOS galaxies in the redshift interval 1.0≤ z≤ 1.5,
Bordoloi et al. (2013) report that the Mg II equivalent width of
the outflowing component increases with both galaxy stellar
mass and star formation rate. At similar stellar masses, the
blue galaxies exhibit a significantly higher outflow equivalent
width as compared to red galaxies. In the UKIDSS Ultra-
Deep Survey, Bradshaw et al. (2013) found that the highest
velocity outflows are found in galaxies with the highest stellar
masses and the youngest stellar populations. They conclude
that high-velocity galactic outflows are mostly driven by star-
forming processes consistent with a mass-metallicity relation.
On the other hand, Lehner et al. (2013) reported a bimodal-
ity in the metallicity of the CGM of luminous galaxies and
conclude that the more metal-rich absorbers likely originate
from the nearby large galaxy in the form of outflowing or
recycling gas while the lower metallicity gas is infall from
the IGM. Interestingly, of the galaxies for which Stocke et al.
(2013) could constrain the cool/warm CGM metallicities, nine
absorbers have ZCGM ≃ ZISM and velocity offsets, ∆v, from
the galaxies that are ∼ 10% of the halo escape velocity, vesc;
these are identified as bound clouds, possibly recycling mate-
rial. Five absorbers have ZCGM ≃ ZISM and velocities indicating
∆v> vesc; these are identified as unbound outflows. Three ab-
sorbers have ZCGM ≤ 0.2ZISM and are identified with infall. In
several cases geometrical constraints confirm the flow direc-
tion of the studied clouds. Stocke et al. (2013) find no dis-
cernible differences in the densities, ionization parameters,
cloud sizes or masses between the inflowing and outflowing
absorbers.
In summary, the stellar mass gas-phase metallicity correla-
tions places strong constraints on the outflow and recycling
of metal-enriched gas, the inflow of metal-poor gas, and the
incomplete mixing of the gas through the CGM, while absorp-
tion line observations show there are variations in gas metal-
licity that are consistent with these physical processes. The
theory and observations indicate a connection between the
mean Wr(2796), galaxy stellar mass, and gas phase metallic-
ity and kinematics. Higher metallicity gas in chemically pro-
cessed wind material gives rise to larger equivalent widths in
absorption. Conversely, unmixed inflow material gives rise to
smaller absorption equivalent widths due to the lower metal-
licity.
One would then expect the scatter in the Wr(2796) distribu-
tion to be primarily due to metallicity variations from sightline
to sightline (recalling little variation in cloud ionization, tem-
perature, and density from ionization models). The decrease
in Mg II covering fraction with increasing distance from the
central galaxy (and absorption threshold) would then quantify
the scatter in the metallicity of the cool/warm CGM and imply
that the metallicity is more uniformly distributed from cloud
to cloud at smaller galactocentric distances but highly vari-
able from absorbing cloud to absorbing cloud at larger galac-
tocentric distances. If this scenario is correct, it could partially
explain why the frequency of sightlines with upper limits on
Wr(2796) is higher at larger impact parameters.
Further insight is gleaned from the simulations of
van de Voort & Schaye (2012), who conducted a thorough
study of the CGM parameter space with virial mass, stellar
feedback, and distance from the central galaxy8. For galax-
ies in logMh/M⊙ ≃ 12 halos, their “cold” CGM gas exhibits
four orders of magnitude spread in metallicity at R ≃ Rvir,
8 We quote results for their model REF_L050N512.
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with density-weighted mean Zgas ≃ 0.01, while the “hot” gas
has only a single order of magnitude spread with Zgas ≃ 0.1.
Deeper inside the virial radius at R ≃ 0.1Rvir, the metallic-
ity of the inflowing gas has the narrow range 0.1 ≤ Zgas ≤ 1;
this spread broadens to lower metallicities, 10−2 ≤ Zgas ≤ 0.3,
by R ≃ 0.3Rvir and to 10−4 ≤ Zgas ≤ 0.5 by R ≃ Rvir. On the
other hand, the outflow metallicity spread remains at a con-
stant 0.1 ≤ Zgas ≤ 1 with radius out to R ≃ Rvir. The out-
flow fraction is ≃ 0.4, holding constant out to Rvir = 1.0 (mass
weighted). Most of the gas mass is in the inflow. Across
virial mass over the range 10 ≤ logMh/M⊙ ≤ 13, just in-
side the virial radius, the outflow metallicity remains constant
with galaxy virial mass within the range 0.03 ≤ Zgas ≤ 0.5.
However, the lower envelope on this large range in the inflow
metallicity rises to a higher minimum metallicity as mass in-
creases (the spread narrows toward a higher mean metallic-
ity).
To the degree that Mg II absorption probes the CGM, the
general increasing spread in the metallicity with increasing R
found by van de Voort & Schaye (2012) would be consistent
with a growing frequency of sightlines with upper limits on
Wr(2796) as the CGM is probed closer to the virial radius.
This is consistent with a covering fraction that decreases with
increasing distance from the central galaxy.
The behavior of the mass-normalized absorption envelope,
η(Mh), remains to be understood. This envelope has a
mean value of η∗v ≃ 0.3 (see Figure 2), is weakly dependent
upon virial mass, and is independent of absorption thresh-
old. This could be explained by a narrower range of metal-
licity within R ≃ 0.3Rvir, as suggested by the simulations of
van de Voort & Schaye (2012). Beyond this scaled radius, the
spread in the metallicity increases, and the mean column den-
sity of Mg II absorbing gas has declined (Ford et al. 2013a),
which could be due to decreasing cloud sizes as impact pa-
rameter increases (Stocke et al. 2013). A second possibility is
that wind material, whether bound or unbound, remains in an
ionization state that is detectable in Mg II absorption primarily
within R = 0.3Rvir. However, the lack of an ionization gradi-
ent in the cool/warm CGM gas studied by Stocke et al. (2013),
and the simulations of Ford et al. (2013a), do not support this
idea. A third possibility is that the majority of the Mg II ab-
sorbing gas is bound and recycles such that the gas is confined
within a “turnaround” radius of R/Rvir ≃ 0.3. This would
imply that wind material, on average, would be required to
reach R/Rvir ≃ 0.3 regardless of galaxy virial mass. Though
this is not entirely consistent with the findings of Stocke et al.
(2013), who find higher metallicity unbound CGM clouds
in several instances, it is commensurate with the results of
Ford et al. (2013b), who find that the majority of gas associ-
ated with Mg II absorption is “recycled accretion”, meaning
that, regardless of the origin of the gas, it will accrete onto the
galaxy within the time span of ∼ 1 Gyr.
The low frequency of sightlines with large Wr(2796) found
outside R/Rvir = 0.3, may, on average, be due to enriched sub-
halos (satellites) surrounding the more massive galaxies. For
R/Rvir > 0.3, the growing frequency of very weak Mg II ab-
sorption clouds and sightlines along which upper limits on
Wr(2796) are measured, may be due to lower metallicity in-
falling material that has not fully mixed with the recycling
material inside the putative “turnaround” radius. Accounting
for satellites (around the more massive galaxies) that enrich
their local medium as they infall and accounting for “pristine”
infalling filaments, a wide range of Wr(2796) could arise from
infalling gas. Though the observational evidence is quite com-
pelling that the majority of strong Mg II absorbers arise from
metal-enriched wind driven material (described above), some
large Wr(2796) values at large impact parameters could be due
to enriched infalling satellites in the more massive galaxy ha-
los.
For the mean Wr(2796) to be constant with virial mass in-
side this putative “turnaround” radius, we would need to in-
voke physics that conspires to yield a degeneracy between
gas metallicity, velocity spread, and ionization conditions as
a function of galaxy virial mass. That is, in the final analy-
sis, we should view the self-similarity of the cool/warm CGM
with virial mass as a reflection of a global quasi-equilibrium
regulation in which cool/warm cloud creation, destruction
and/or recycling timescales, hydrodynamical physics, and ex-
ternal reservoirs of CGM gas balance so as to yield the simple
result that, on average, the equivalent width of Mg II absorb-
ing CGM gas is strongly connected to galactocentric distance
with respect to the virial radius, especially within the inner
30%.
Though speculative in nature and only a qualitative pic-
ture, the scenario we outline illustrates the possibility that
the self-similarity of the Mg II absorbing CGM with virial
mass could result from multiple processes that are consistent
with what is currently known about galaxies, the ISM, the
CGM, and the local IGM and environment. Furthermore, this
view of the CGM is one that is fully consistent with simula-
tions and models (cf., Davé et al. 2011a,b; Dayal et al. 2013;
Lilly et al. 2013) that go far to explain a holistic interconnect-
edness between star formation, stellar feedback, galaxy stel-
lar and virial mass, and the gas cycles of the ISM, CGM, and
IGM as constrained by observations.
The results we found for Mg II absorption should equally
apply for cool/warm gas absorption from other low-ionization
potential metallic species such as Si II, C II, and Fe II. In
fact, as we mention previously, Zhu & Ménard (2013) have
presented evidence that Ca II CGM absorption is stronger in
galaxies with higher stellar masses. It would be of interest
to study the metallicity and abundance ratios as a function of
galactocentric distance relative and with respect to the virial
radius in order to discern whether the abundance gradient is
flat with ηv = D/Rvir, declines smoothly, falls off precipitously
at some point, or exhibits increasing scatter with increasing
distance from the central galaxy. However, considering the
findings of Stocke et al. (2013) for a sample of ≃ 70 galax-
ies, such an analysis will likely require an order of magnitude
increase in the number of quasar sightlines through the CGM
environment of galaxies.
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APPENDIX
A. HALO ABUNDANCE MATCHING WITH BOLSHOI
In this appendix, we present our findings from our explorations to quantitatively understand the statistical and systematic
uncertainties inherent in our application of halo abundance matching as described in § 2.2. Since the r-band luminosity function
is published as Mr − 5logh in the Vega system, we performed the abundance matching using this quantity (we presented Mr in
the AB system in Table 1). Thus, in this appendix, all references to the r-band absolute luminosity refer to Mr − 5logh in the Vega
system, for which the range is −23.6≤ Mr − 5logh ≤ −16.0. The conversion is Mr(AB) = [Mr − 5logh ]Vega + 0.1429.
A.1. Systematics and Scatter due to Luminosity Bin Size
As mentioned in § 2.2, there is scatter in the V maxc –Mh relation in the Bolshoi halo catalogs due to the different formation times
of halos of a given mass. We treat this scatter by calculating the mean virial mass, Mh, within a fixed luminosity bin, ∆Mr, and
assign the standard deviation as the statistical uncertainty in the average virial mass. We compute one-sided standard deviations
to obtain insight into the asymmetry of the virial mass distribution within the ∆Mr bin; as such, we are not presenting formally
proper statistical uncertainty measurements but are quantifying the degree of scatter and skew in the underlying distribution of
Mh employed in obtaining the mean value.
Since the LF has variable slope with Mr − 5logh, the mean Mh will have a systematic dependence on the width of ∆Mr. The
expectation is that the broader the bin size, the more Mh will be skewed toward smaller values due to the increased abundance
of fainter galaxies in the LF. Since the LF slopes are different at different redshifts, this systematic skew will be different at each
redshift. In addition, increasing the width of ∆Mr results in the inclusion of more halos being averaged, which affects the adopted
uncertainties in Mh.
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FIG. A1.— (a) The fitted curves to the COMBO-17 r-band LFs of Wolf et al. (2003), presented for the five redshifts, z = 0.3, 0.5, 0.7, 0.9, and 1.1. (b,c) The
mean virial mass and its standard deviation in units h−1 M⊙, determined by halo abundance matching the halos in the Bolshoi (Klypin et al. 2011) simulations,
versus r-band luminosity, Mr − 5 log h (Vega). The mean virial mass as determined using (b) a luminosity binning of ∆Mr = 0.1 , and (c) a binning of ∆Mr = 0.4.
In Figure A1a, we present the COMBO-17 r-band LFs based upon the Schechter function parameter fits of Wolf et al. (2003).
To examine how the width of ∆Mr, affects the systematics of and scatter in Mh, we varied ∆Mr over the range 0.1≤∆Mr ≤ 0.4
and performed the halo abundance matching over the range −24 ≤ Mr − 5logh ≤ −16. In Figures A1b and A1c, we present
logMhh−1/M⊙ versus Mr − 5logh for ∆Mr = 0.1 and ∆Mr = 0.4, respectively. The solid curves are the mean Mh and the shaded
regions are the one-side standard deviations of the distribution of virial masses in the bin ∆Mr. The redshift dependence is shown
by the individual curves.
Consider Figure A1b. Note that the minimum and maximum Mh are different for each redshift bin. The maximum virial mass,
which increases with decreasing redshift, is dictated by the distribution of virial masses in the halo catalog. The increase in
the maximum virial mass with decreasing redshift reflects virial mass growth evolution. The minimum mass is dictated by the
completeness of the velocity function, n(V maxc ), at small Mh, as discussed in both Trujillo-Gomez et al. (2011) and Klypin et al.(2011). The truncation of n(V maxc ) is at brighter luminosity at higher redshift because of the steeper LF at high redshift, i.e., the
minimum virial mass in the catalog gets assigned to a brighter galaxy.
Comparing Figures A1b and A1c, we find that the adopted bin size of ∆Mr has virtually no effect on the scatter of each mass
estimate and no more than a 0.3 dex systematic lowering of Mh for ∆Mr = 0.4 as compared to ∆Mr = 0.1 in the regime of
Mr − 5logh < −23. This systematic is due to the steepness of the LF at the very bright end. For our methods, we find that Mh is
sensitive to the width of the luminosity bin to no more than≃ 0.35 dex for the highest masses when we also account for statistical
uncertainties. We adopted ∆Mr ≤ 0.1 for this work in order to minimize the effect of the variable slopes of the LF.
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A.2. Systematics due to Observational Uncertainty in the LF
Since the abundance of dark matter halos is known to high precision in the ΛCDM cosmology, a substantial source of potential
systematic uncertainty in the derived Mh could arise from systematic errors in the evolution of the measured LF. To examine the
range of possible systematics in our adopted virial mass calculations, we explored variations in Mh under the presumption that
evolution in the observed LF from z = 1 to z = 0 is dominated by systematic measurement errors.
To emulate systematics in the LF, we abundance matched to the observed LF over the range −24 ≤ Mr − 5logh ≤ −16 in each
of the five redshift bins using only the z = 0.1 Bolshoi halo catalog. We thus evolve the LF while holding the halo population
constant. We then performed the identical exercise using only the z = 1.0 Bolshoi halo catalog, thereby holding the halo population
constant but with abundance matching to a different virial mass distribution (separated by ∼ 7 Gyr of cosmic time). The exercise
emulates plausible systematics in the evolution of the LF. We also varied the width of the luminosity bin used for obtaining the
mean Mh, illustrating the ∆Mr = 0.1 and 0.4 cases.
In Figure A2, we plot the percent difference,
∆% = 100 ·
[
Mh(z=0.1) − Mh(z=1.0)
Mh(z=0.1)
]
, (A1)
between the Mh obtained with the z = 0.1 and z = 1.0 Bolshoi halo catalogs. The results are shown for each redshift bin of the LF
(colored as in Figure A1). Figure A2a illustrates the ∆Mr = 0.1 exercise, and Figure A2b, illustrates the ∆Mr = 0.4 exercise.
The exploration indicates that no more than a 4% systematic difference in Mh is likely to be present in our adopted values over
the redshift range of our study. The effect monotonically increases toward the bright end of the LF and is somewhat independent
of the shape of the LF in this luminosity regime. There is also some dependence on the faint end slope of the LF in the range
Mr − 5logh > −20 at the level of 1% percent difference. We should have no more than a ∆% = 4% systematic error at the highest
mass end based upon the reasonable assumptions we have incorporated to model systematic uncertainty in LF evolution.
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FIG. A2.— The percent difference, ∆%, between the Mh as a function of Mr − 5 log h (Vega) obtained for the exploration of systematic uncertainties in the
evolution of the r-band LF (see text). (a) The results for luminosity bin ∆Mr = 0.1 used for averaging the scatter. (b) The results for luminosity bin ∆Mr = 0.4
used for averaging the scatter. The exercise indicates that no more than a 4% systematic difference in Mh is likely to be present in our adopted values over the
redshift range of our study.
B. THE COOLING RADIUS
As described in § 3.4, the cooling radius is the radial distance, r = Rc, at which the initial hot gas density, ρgas(r), equals the
cooling density, ρc, the characteristic density at which gas has time to cool since the halo formed. That is, the cooling radius is
defined when ρgas(r) = ρc is satisfied. We adopt the two-phase halo model of Maller & Bullock (2004, hereafter MB04). Equating
their Eqs. 9 and 12, we solve for the radius r = Rc that zeros the relation
fb Mh
4piR3s g[Cv(Mh,zgal)]
R3s
{r + (3/4)Rs} (r + Rs)2
−
3µ2empkT
2µNτfΛ(T,Zgas) = 0 , (B1)
where the first term on the left hand side is the initial gas density profile having a thermal core of 3Rs/4 and the second term on
the right hand side is the cooling density. Though Eq. B1 can be rearranged into a cubic equation that can be root solved, we
obtained the solution using Brent’s method (see Press et al. 2007) to a fractional accuracy ∆Rc/Rc ≤ 10−7.
The central density, which provides the amplitude of the radial gas density profile, depends upon fb =Ωb/Ωm = 0.17, the cosmic
mean baryon mass fraction, and the scale radius, Rs = Rvir/Cv. The concentration parameter depends upon both virial mass and
redshift due to an evolving dark matter density profile in response to mass growth. Bullock et al. (2001a) show that the median
value is well approximated by the relation
logCv(Mh,zgal) ≃ 0.9823 − 0.13log(Mh/1013 M⊙) − log(1 + zgal) . (B2)
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The amplitude of the radial gas density profile also depends upon the concentration according to the function
g[x] = 9 ln(1 + 4x/3) − 8ln(1 + x) − 4x(1 + x)−1 . (B3)
The cooling density depends upon µe, the mean mass per electron, µN, the mean mass per nuclear particles, τf, the mean
formation time for a halo of mass Mh for a galaxy at redshift zgal, and Λ(T,Zgas), the volume averaged cooling rate [cm3 erg s−1].
For the mean masses per particle, we follow MB04 and adopt µe = 1.18 and µN = 0.62 for a fully ionized gas with a helium mass
fraction of Y = 0.3. The halo formation time is computed from τf = tLB(zf) − tLB(zgal), where (see MB04, Eq. 8)
zf = zgal + 0.122Cv(Mh,zgal) ln
[
Mh(zgal)/Mh(zf)
]
. (B4)
The look-back time is computed from tLB(z) =
∫ z
0 dz/[(1 + z)E(z)], where E2(z) = Ωm(1 + z)3 +ΩΛ. Following MB04, we adopt
Mh(zgal)/Mh(zf) = 2. In Figure B1a, we plot τf as a function of virial mass at various redshifts. Since ρc ∝ τ−1f . it is clear
that overestimating the formation time would have the effect of systematically underestimating the cooling radius of our sample
galaxies. If for example, we directly applied Eq. 8 from MB04 assuming that our measured virial mass is applied at z = 0, we
would underestimate ρc by as much as a factor of five for the highest redshift galaxies in our sample.
The temperature of the hot gas is T = µN(V maxc )2/2γk, where V maxc = [GMh(Rmax)/Rmax]1/2 is the peak (maximum) circular
velocity, which is computed for the mass inside Rmax = 2.15Rs. We compute V maxc assuming an NFW dark matter density profile(Navarro, Frenk, & White 1995; Klypin et al. 2001) normalized to the measured Mh(Rvir) and adopting the concentration param-
eter given by Eq. B2. Following MB04, we adopt an adiabatic index of γ = 1 for isothermal gas. For the cooling function,
Λ(T,Zgas), we employ the approximate piece-wise power law function of MB04 as outline in their Equation A29. The behavior
of the cooling function has a non-trivial dependence upon the gas metallicity, Zgas, which remains an important unconstrained
quantity.
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FIG. B1.— (a) The formation time, τf, computed from Eq. B4, as a function of virial mass, Mh, at a given redshift over the range 0 ≤ z ≤ 1 for z = 0.0, 0.3,
0.5, 0.7, and 0.9. (b) The dependence of the cooling radius, Rc, on the metallicity of the hot halo gas for z = 0.5. (c) The dependence of Rc on redshift for a hot
halo gas metallicity Zgas = 0.1. The turnover points in the curves are due to the different cooling regimes in the cooling function Λ(T,Zgas).
In Figure B1b, we plot the metallicity dependence of Rc as a function of virial mass for halos at z = 0.5. Shown are Zgas = 0.03,
0.1, 0.3, and 1.0 in solar units. The changes in slopes in Rc as a function of virial mass are due to the different cooling regimes,
which are defined by the temperature ranges Tr < T ≤ Tm (recombination cooling by hydrogen), Tm < T ≤ Tb (metal-line cooling),
and T > Tb (bremsstrahlung cooling), where Tr = 1.5× 104 K, Tm = 1.5× 105 K, and Tb = 106 + (1.5× 107) ·Z2/3gas K (see MB04,
Appendix A). At fixed redshift and virial mass, the magnitude of Rc is due only to the metallicity dependence of the cooling
function, which has a power-law slope that steepens with Zgas for Tr < T ≤ Tm. Higher metallicity results in a higher electron
density, and therefore an increased recombination rate; thus increases the cooling rate, which lowers the cooling density and
therefore increases Rc. At logMh/M⊙ > 12, the upward turn in Rc occurs at different virial masses because metal-line cooling
dominates to higher temperature in higher metallicity gas, thereby elevating the temperature at which bremsstrahlung cooling
begins to dominate (T > Tb). As virial mass increases, the formation time is shorter, and this manifests as a turn down in Rc at
the very highest masses. Figure B1b clearly illustrates the sensitivity of Rc to the gas metallicity of the hot phase and that this
sensitivity is most pronounced at the lowest virial masses, roughly a factor of 1.5 increase in Rc for a 1 dex increase in Zgas at
logMh/M⊙ = 11.
9 We found two consequential typographical errors in Appendix A of MB04. In their Equation A2, the power-law index α for the temperature regime
Tr < T ≤ Tm has a sign error. It should be expressed α = 1 + (1/3) ln Zgas. For the temperature regime Tm < T ≤ Tb, the term (T/Tb)−1 should be (T/Tm)−1, which
is required of the piece-wise approximation function if the amplitudes are to match across temperature regimes at T = Tm.
CGM VIRIAL MASS SELF-SIMILARITY 23
B.1. Metallicity and the Fiducial Model
Given the metallicity dependence of Rc, there can be uncertainty in the size of the cooling radius for fixed virial mass. However,
as we discuss below, observations and theory corroborate that the average metallicity of the hot gas of galaxy halos can be well
approximated as Zgas ≃ 0.1 for a large range of virial mass and galaxy morphological type.
Observations of hot halos of spirals and ellipticals indicate they both obey the same LX–LK (0.5–2.0 keV X-ray and K-band
luminosity) relations and the same LX–TX relations, from which a common origin of hot coronal gas in both early and late type
galaxies is inferred (Crain et al. 2010). The similar correlations arise because LX, LK , and TX are all proportional to virial mass.
Comparing observations to their GIMIC simulations (Crain et al. 2009), drawn from the Millennium Simulation (Springel et al.
2005), Crain et al. (2013) infer that the hot CGM observed via X-ray emission has its origins in both hierarchical accretion
and stellar recycling in that the majority of L∗ galaxies develop quasi-hydrostatic coronae through shock heating and adiabatic
compression of gas accreted from the intergalactic medium (IGM), supplemented by relatively small amounts of gas recycled
through the galaxy by stellar feedback. They conclude that the hot corona is primarily primordial gas and is forged via accretion
during galaxy assembly.
Though the range of hot coronal metallicities determined from X-ray luminosities might suggest near solar enrichment,
Crain et al. (2013) find that luminosity-weighting of X-ray measurements bias the perceived metallicity of hot coronal gas. In
their simulations, LX weighted metallicities are Zgas ∼ 1, but gas mass-weighted metallicities are Zgas ∼ 0.1 (with a very shallow
trend for metallicity to decrease with increasing virial mass).
Hodges-Kluck & Bregman (2013) reported Zgas ∼ 0.1 for NGC 891 (a late type galaxy), and argue that the primary source
of the gas is IGM accretion. Even at higher redshifts than covered by our sample of galaxies, simulations suggest that the hot
coronal metallicity is consistent with Zgas ∼ 0.1. Shen et al. (2012), using their ErisMC simulations, find total gas metallicities of
Zgas ≃ 0.08 at ≃ 100 kpc at z = 3, consistent with recent observations of circumgalactic metals around Lyman Break Galaxies. In
the OWLS simulations, van de Voort & Schaye (2012) find Zgas ∼ 0.1 in the “hot mode” phase of the CGM (Tmax > 105.5 K) for
the virial mass range logMh/M⊙ = 10–13 at z = 2.
Based upon the above considerations, we adopt Zgas = 0.1 for our fiducial model for computing the cooling radius for our galaxy
sample. In Figure B1c, we plot the redshift evolution of Rc for Zgas = 0.1. Shown are z = 0, 0.3, 0.5, 0.7, and 0.9. At fixed mass
and metallicity, evolution in the cooling radius is dominated by the formation time of the halo and the concentration parameter,
which sets the hot gas density scale via g[Cv(Mh,zgal)], the scale radius via Rs = Rvir/Cv, and the gas temperature via V maxc , since
Rmax is proportional to Rs.
C. MULTIVARIATE BEHAVIOR
To further elucidate the multivariate relationships between Wr(2796), virial mass, impact parameter, virial radius, and theoreti-
cal cooling radius, we performed bivariate Kendall-τ and BHK-τ non-parametric rank correlation tests between these quantities.
We remind the reader that the BHK-τ test applies when upper limits must be taken into account. In Table C1, we present our
results, where Nsys is the number of galaxies in the test, τk is the Kendall-τ (which ranges between −1 for a 1:1 anti-correlation
and +1 for a 1:1 correlation), P(τk) is the probability of that value of τk under the null-hypothesis assumption, and N(σ) is the sig-
nificance level for the normal distribution of non-parametric rankings of the Nsys data points. For additional insight, we separated
the full sample into “absorbers” and “non-absorbers” [those with upper limits on Wr(2796)].
The correlation between impact parameter and virial mass provides much insight into the cool/warm CGM. All previous Mg II
surveys (see Nielsen et al. 2013a,b, and references therein) have indirectly reported a correlation between galaxy luminosity and
impact parameter, which has been interpreted as a fundamental relationship between the absorption radius and luminosity, i.e.,
the Holmberg relationship R(L) = R∗(L/L∗)β , where β > 0. It is thus no surprise this correlation is present with virial mass,
as we quantified and showed in Figure 1. Note that there is no statistically significant correlation between D and Mh for the
non-absorber subsample; however, there is a positive trend which is consistent with higher mass halos having higher covering
fraction at fixed D (Churchill et al. 2013).
Since Rvir is proportional to Mh, the lack of a significant correlation between ηv = D/Rvir and Mh is also a consequence of the
correlation between D and Mh. Since Rc is inversely proportional to Mh, the highly significant correlation between ηc = D/Rc and
Mh is also a consequence of the correlation between D and Mh. For non-absorbers, the ηc–Mh correlation induced by the positive
trend between D and Mh is a consequence of the virial mass dependence of covering fraction at fixed D (see Churchill et al. 2013,
Figure 2). In essence, these statistics reflect a cool/warm CGM Mg II-absorption radius that scales in proportion to virial mass
and a virial mass dependent covering fraction at fixed D.
The correlation on the ηv–ηc plane is primarily an impact parameter sequence. As seen in Figure 6c, the data trace out increasing
impact parameter from the lower left to the upper right [small (ηc,ηv) pairs to larger (ηc,ηv) pairs]. The effect of virial mass is
to scatter an (ηc,ηv) pair up and to the left relative to the sequence for smaller virial mass, or to scatter the point downward and
to the right for higher virial mass. The reason the slope and locus of points is slightly shallower and below the 1:1 correlation
line is due to the D–Mh correlation. Note that the ηv–ηc correlation weakens below 3 σ significance for non-absorbers, which all
have Wr(2796) ≤ 0.3 Å, primarily reside at ηv > 0.3, and are found both inside and outside the theoretical cooling radius. This
behavior indicates that regions devoid of strong absorption do not commonly persist within the inner 30% of the virial radius,
and at the same time are not physically governed by their location with respect to the cooling radius.
Of interest is the total lack of correlation between Wr(2796) and virial mass. We have shown that the mean Wr(2796) in fixed
impact parameter bins correlates with virial mass (see Figure 4). However, there is a strong anti-correlation between Wr(2796) and
impact parameter ((7.9 σ for the full MAGIICAT sample, Nielsen et al. 2013b), so that when all impact parameters are included,
the correlations between Wr(2796) and Mh at fixed impact parameter are averaged out. This point is central to our discussion in
§ 4.3, where we compare our findings to those of previous works.
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TABLE C1
NON-PARAMETRIC CORRELATION TESTS
Full Sample Absorbers Only Non-Absorbers Onlyb
(1) (2) (3) (4)a (5) (6) (7) (8)a (9) (10) (11) (12)a (13) (14)
Prop 1 Prop 2 Nsys τk P(τk) N(σ) Nsys τk P(τk) N(σ) Nsys τk P(τk) N(σ)
D Mh 182 +0.24 1.2× 10−6 4.9 123 +0.29 2.1× 10−6 4.7 59 +0.21 1.7× 10−2 2.4
ηv Mh 182 −0.11 2.1× 10−2 2.3 123 −0.09 1.5× 10−1 1.4 59 −0.34 1.1× 10−4 3.9
ηc Mh 182 +0.37 < 10−11 7.5 123 +0.39 1.8× 10−10 6.4 59 +0.41 4.0× 10−6 4.6
ηc ηv 182 +0.43 < 10−11 8.7 123 +0.43 < 10−11 6.9 59 +0.19 3.4× 10−2 2.1
Mh Wr(2796) 182 · · · 9.6× 10−1 0.1 123 +0.04 5.1× 10−1 0.7 · · · · · · · · · · · ·
D Wr(2796) 182 (−) · · · 1.2× 10−10 7.9 123 −0.19 1.8× 10−3 3.1 · · · · · · · · · · · ·
Rvir Wr(2796) 182 · · · 6.7× 10−1 0.4 123 +0.05 3.8× 10−1 0.9 · · · · · · · · · · · ·
Rc Wr(2796) 182 · · · 3.1× 10−2 2.2 123 −0.07 2.4× 10−1 1.2 · · · · · · · · · · · ·
ηv Wr(2796) 182 (−) · · · 1.1× 10−10 8.8 123 −0.27 9.9× 10−6 4.4 · · · · · · · · · · · ·
ηc Wr(2796) 182 (−) · · · 3.8× 10−8 5.5 123 −0.11 6.4× 10−2 1.9 · · · · · · · · · · · ·
a The BHK-τ test does not provide a value for the Kendall-τ . When N(σ) ≥ 3, we include a “+” for a correlation and “−” for an anti-correlation.
b Since all Wr(2796) measurements are upper limits, tests with absorption strength could not be performed.
Finally, we see that Wr(2796) and ηv = D/Rvir are anti-correlated at high significance (originally presented in Churchill et al.
2013). As compared to the Wr(2796)–D anti-correlation, the increased significance of this anti-correlation cannot be induced by
the correlation between D and Mh (i.e., the proportionality between the absorption radius and virial mass), since this would have
the effect of reducing its significance relative to the Wr(2796)–D anti-correlation. On the other hand, the anti-correlation between
Wr(2796) and ηc = D/Rc is anticipated because Rc is inversely proportional to Mh.
The upshot is that, giving full consideration to cross-correlation effects, especially the proportionality between the absorption
radius and virial mass and the proportionality between covering fraction and virial mass at fixed impact parameter, the location of
the cool/warm gas in relation to the virial radius is the strongest indicator of the Mg II absorption equivalent width. Furthermore,
we know that this fact generally applies across the full range of virial masses due to the fact that [1] the mass-normalized
absorption envelope, ηv(Mh), has a low sensitivity to virial mass and has a value η∗v = 0.3 (see Figure 2), [2] the mean Wr(2796)
is independent of virial mass as a function of ηv, especially in the regime ηv ≤ 0.3 (see Figure 5), and [3] the significant virial
mass segregation on the Wr(2796)–D plane vanishes on the Wr(2796)–ηv plane (see Figure 1c of Churchill et al. 2013).
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Table 1. Galaxy Properties
(1) (2) (3) (4) (5) (6) (7)a (8)a (9)a (10)a,b (11)a (12)a (13)
Field J-Name zgal D Mr logM h/M⊙ V
max
c Rvir ηv Rc ηc Rc/Rvir Wr(2796)
[kpc] (ab) [km s−1] [kpc] [kpc] [A˚]
0002 − 422 J000448.11 − 415728.8 0.8400 53.8 −21.7 12.1+0.2
−0.1 262
+35
−26 218
+32
−24 0.25
−0.03
+0.03 50
−4
+3 1.07
+0.09
−0.06 0.23
−0.04
+0.03 4.422 ± 0.002
0002 + 051 J000520.21 + 052411.80 0.2980 59.2 −20.9 12.0+0.3
−0.2 211
+45
−26 191
+45
−26 0.31
−0.05
+0.06 103
−7
+5 0.57
+0.04
−0.02 0.54
−0.13
+0.08 0.244 ± 0.003
0002 + 051 J000520.21 + 052411.80 0.5920 36.0 −22.0 12.3+0.2
−0.2 291
+38
−29 257
+37
−28 0.14
−0.02
+0.02 59
−4
+4 0.61
+0.05
−0.04 0.23
−0.04
+0.03 0.102 ± 0.002
0002 + 051 J000520.21 + 052411.80 0.8518 25.9 −21.2 11.8+0.2
−0.2 220
+40
−24 179
+36
−22 0.14
−0.02
+0.02 60
−5
+3 0.43
+0.04
−0.02 0.33
−0.07
+0.05 1.089 ± 0.008
SDSS J003340.21 − 005525.53 0.2124 21.7 −21.3 12.2+0.2
−0.2 232
+41
−27 214
+42
−27 0.10
−0.01
+0.02 107
−6
+4 0.20
+0.01
−0.01 0.50
−0.10
+0.07 1.050 ± 0.030
SDSS J003407.34 − 085452.07 0.3617 33.1 −20.1 11.7+0.4
−0.2 176
+55
−24 154
+54
−23 0.21
−0.04
+0.06 106
−9
+5 0.31
+0.03
−0.01 0.69
−0.24
+0.12 0.480 ± 0.050
SDSS J003413.04 − 010026.86 0.2564 30.4 −20.7 11.9+0.3
−0.2 195
+47
−25 176
+47
−25 0.17
−0.03
+0.04 112
−7
+5 0.27
+0.02
−0.01 0.63
−0.17
+0.10 0.610 ± 0.060
0058 + 019 J010054.15 + 021136.52 0.6128 29.5 −19.8 11.4+0.4
−0.2 151
+51
−20 125
+47
−18 0.24
−0.04
+0.06 92
−8
+4 0.32
+0.03
−0.01 0.74
−0.28
+0.12 1.684 ± 0.004
0058 + 019 J010054.15 + 021136.52 0.6800 45.6 −21.2 11.9+0.2
−0.2 225
+42
−25 190
+40
−24 0.24
−0.03
+0.04 69
−5
+4 0.66
+0.05
−0.03 0.36
−0.08
+0.05 <0.003
SDSS J010135.84 − 005009.08 0.2615 50.9 −21.4 12.2+0.2
−0.2 242
+40
−28 223
+40
−28 0.23
−0.03
+0.03 99
−5
+4 0.51
+0.03
−0.02 0.44
−0.08
+0.06 <0.110
SDSS J010156.32 − 084401.74 0.1588 28.4 −19.2 11.3+0.6
−0.2 121
+64
−17 106
+63
−16 0.27
−0.05
+0.10 146
−15
+6 0.20
+0.02
−0.01 1.38
−0.82
+0.25 0.360 ± 0.030
SDSS J010352.47 + 003739.79 0.3515 48.3 −20.1 11.7+0.4
−0.2 178
+54
−24 157
+53
−23 0.31
−0.05
+0.08 107
−9
+5 0.45
+0.04
−0.02 0.68
−0.23
+0.12 0.380 ± 0.030
0102 − 190 J010516.82 − 184641.9 1.0250 40.0 −22.3 12.1+0.1
−0.1 284
+31
−25 230
+27
−22 0.17
−0.02
+0.02 36
−3
+3 1.12
+0.11
−0.08 0.16
−0.02
+0.02 0.670 ± 0.050
0109 + 200 J011210.18 + 202021.79 0.5340 44.7 −20.4 11.6+0.4
−0.2 173
+53
−23 147
+50
−21 0.30
−0.05
+0.08 92
−8
+4 0.49
+0.05
−0.02 0.63
−0.22
+0.11 2.260 ± 0.050
0117 + 213 J012017.20 + 213346.00 0.5763 7.8 −22.7 12.9+0.1
−0.1 415
+35
−37 381
+35
−37 0.02
−0.00
+0.00 48
+4
−4 0.16
−0.01
+0.01 0.13
−0.02
+0.02 0.902 ± 0.007
0117 + 213 J012017.20 + 213346.00 0.7290 55.4 −23.0 12.9+0.1
−0.1 434
+33
−35 389
+32
−35 0.14
−0.01
+0.01 34
+3
−3 1.61
−0.12
+0.16 0.09
−0.01
+0.01 0.244 ± 0.005
0122 − 003 J012528.84 − 000555.93 0.3788 77.7 −20.7 11.9+0.3
−0.2 207
+50
−26 184
+49
−25 0.42
−0.07
+0.09 97
−7
+5 0.81
+0.06
−0.04 0.53
−0.14
+0.08 0.050 ± 0.010
0141 + 339 J014411.70 + 341157.92 0.4708 38.1 −19.2 11.3+0.5
−0.2 134
+56
−18 112
+53
−16 0.34
−0.06
+0.11 108
−10
+4 0.35
+0.04
−0.01 0.96
−0.46
+0.17 0.780 ± 0.070
0150 − 202 J015227.32 − 200107.10 0.3830 59.6 −20.2 11.8+0.4
−0.2 181
+54
−25 159
+53
−24 0.38
−0.07
+0.09 103
−8
+5 0.58
+0.05
−0.03 0.65
−0.22
+0.11 0.580 ± 0.050
0150 − 202 J015227.32 − 200107.10 0.6030 53.9 −22.4 12.5+0.1
−0.1 323
+31
−30 288
+30
−29 0.19
−0.02
+0.02 50
+1
+3 1.07
−0.02
−0.07 0.18
−0.02
+0.02 <0.035
0150 − 202 J015227.32 − 200107.10 0.7800 54.7 −21.5 12.1+0.2
−0.2 252
+38
−27 211
+35
−25 0.26
−0.03
+0.04 56
−4
+3 0.98
+0.08
−0.06 0.26
−0.05
+0.04 0.360 ± 0.040
SDSS J015453.03 − 095535.39 0.5663 56.7 −22.2 12.4+0.2
−0.1 311
+35
−31 278
+34
−30 0.20
−0.02
+0.02 56
−1
+4 1.01
+0.02
−0.06 0.20
−0.03
+0.02 <0.300
SDSS J021558.40 − 011135.79 0.2103 27.6 −20.7 11.9+0.3
−0.2 192
+46
−24 175
+47
−24 0.16
−0.03
+0.03 118
−8
+5 0.23
+0.02
−0.01 0.67
−0.18
+0.10 0.770 ± 0.050
0226 − 411 J022815.2 − 405716 0.2067 33.6 −17.8 11.1+0.6
−0.2 105
+54
−15 90
+52
−14 0.37
−0.07
+0.14 146
−14
+5 0.23
+0.03
−0.01 1.62
−0.94
+0.29 <0.020
0226 − 411 J022815.2 − 405716 0.2674 62.8 −20.2 11.8+0.4
−0.2 176
+51
−24 157
+51
−23 0.40
−0.07
+0.10 116
−9
+5 0.54
+0.04
−0.02 0.73
−0.24
+0.12 0.030 ± 0.010
SDSS J022950.32 − 074256.77 0.3866 27.6 −20.7 11.9+0.3
−0.2 205
+49
−26 182
+49
−25 0.15
−0.02
+0.03 96
−7
+4 0.29
+0.02
−0.01 0.53
−0.14
+0.08 1.740 ± 0.040
0229 + 131 J023145.89 + 132254.71 0.4167 36.9 −22.1 12.4+0.2
−0.2 285
+34
−29 260
+35
−29 0.14
−0.02
+0.02 74
−4
+4 0.50
+0.03
−0.02 0.28
−0.04
+0.04 0.816 ± 0.020
0235 + 164 J023838.93 + 163659.27 0.5240 12.1 −21.9 12.3+0.2
−0.2 277
+39
−28 247
+39
−27 0.05
−0.01
+0.01 67
−4
+4 0.18
+0.01
−0.01 0.27
−0.05
+0.04 2.340 ± 0.050
0235 + 164 J023838.93 + 163659.27 0.8520 7.6 −22.5 12.6+0.1
−0.1 370
+31
−32 318
+30
−30 0.02
−0.00
+0.00 30
+3
−3 0.25
−0.02
+0.03 0.09
−0.01
+0.01 0.440 ± 0.050
0302 − 223 J030450.10 − 221157.00 0.4180 126.0 −23.4 13.5+0.1
−0.1 625
+47
−52 617
+52
−56 0.20
−0.02
+0.02 54
+5
−5 2.32
−0.18
+0.23 0.09
−0.01
+0.01 0.727 ± 0.028
0302 − 223 J030450.10 − 221157.00 1.0000 61.2 −22.0 12.0+0.2
−0.1 248
+34
−24 199
+30
−21 0.31
−0.04
+0.04 45
−4
+3 1.35
+0.12
−0.08 0.23
−0.04
+0.03 1.099 ± 0.036
SDSS J032232.58 + 003649.13 0.2185 16.0 −18.8 11.3+0.5
−0.2 128
+58
−18 112
+56
−17 0.14
−0.03
+0.05 136
−13
+5 0.12
+0.01
−0.00 1.21
−0.61
+0.21 1.310 ± 0.120
0334 − 204 J033626.90 − 201940.00 1.1200 64.3 −23.0 12.6+0.1
−0.1 404
+30
−32 333
+28
−29 0.19
−0.02
+0.01 12
+2
−2 5.17
−0.62
+0.88 0.04
−0.01
+0.01 2.060 ± 0.050
0349 − 146 J035128.54 − 142908.71 0.3236 125.8 −21.1 12.1+0.3
−0.2 225
+47
−26 204
+47
−26 0.62
−0.09
+0.12 97
−6
+4 1.29
+0.09
−0.05 0.48
−0.11
+0.07 <0.012
0349 − 146 J035128.54 − 142908.71 0.3567 71.3 −20.5 11.9+0.3
−0.2 193
+52
−25 171
+52
−24 0.42
−0.07
+0.10 102
−8
+5 0.70
+0.06
−0.03 0.60
−0.18
+0.10 0.175 ± 0.007
SDSS J035242.12 + 001307.32 0.3671 50.8 −21.1 12.1+0.3
−0.2 227
+47
−26 204
+47
−26 0.25
−0.04
+0.05 92
−6
+4 0.55
+0.04
−0.02 0.45
−0.11
+0.07 1.450 ± 0.050
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Table 1—Continued
(1) (2) (3) (4) (5) (6) (7)a (8)a (9)a (10)a,b (11)a (12)a (13)
Field J-Name zgal D Mr logM h/M⊙ V
max
c Rvir ηv Rc ηc Rc/Rvir Wr(2796)
[kpc] (ab) [km s−1] [kpc] [kpc] [A˚]
0454 − 220 J045608.92 − 215909.40 0.2784 50.3 −19.1 11.4+0.5
−0.2 140
+59
−19 122
+57
−18 0.41
−0.07
+0.13 125
−12
+5 0.40
+0.04
−0.02 1.02
−0.48
+0.18 <0.005
0454 − 220 J045608.92 − 215909.40 0.3818 102.6 −20.9 12.0+0.3
−0.2 217
+46
−27 194
+46
−26 0.53
−0.08
+0.10 94
−6
+4 1.09
+0.08
−0.05 0.48
−0.12
+0.07 <0.018
0454 − 220 J045608.92 − 215909.40 0.4838 107.1 −21.9 12.3+0.2
−0.2 270
+38
−28 242
+38
−27 0.44
−0.06
+0.06 72
−5
+4 1.49
+0.10
−0.07 0.30
−0.05
+0.04 0.426 ± 0.007
0454 + 039 J045647.17 + 040052.94 0.0720 5.4 −16.8 10.8+0.7
−0.2 81
+47
−11 69
+45
−10 0.08
−0.01
+0.03 175
−18
+6 0.03
+0.00
−0.00 2.53
−1.66
+0.46 0.720 ± 0.050
0454 + 039 J045647.17 + 040052.94 0.2010 87.5 −21.4 12.2+0.2
−0.2 234
+39
−27 217
+40
−28 0.40
−0.06
+0.06 108
−6
+5 0.81
+0.04
−0.03 0.50
−0.09
+0.07 <0.018
0454 + 039 J045647.17 + 040052.94 0.8596 16.0 −19.9 11.2+0.4
−0.2 145
+49
−19 113
+42
−16 0.14
−0.02
+0.04 78
−7
+4 0.21
+0.02
−0.01 0.69
−0.26
+0.12 1.476 ± 0.009
SDSS J075001.85 + 161305.05 0.1466 19.6 −18.5 11.1+0.6
−0.2 107
+58
−15 93
+57
−14 0.21
−0.04
+0.08 152
−16
+6 0.13
+0.01
−0.00 1.65
−1.02
+0.30 0.260 ± 0.080
SDSS J075450.04 + 184952.79 0.2856 54.0 −21.4 12.2+0.2
−0.2 245
+40
−28 225
+40
−28 0.24
−0.03
+0.04 96
−5
+4 0.56
+0.03
−0.02 0.43
−0.08
+0.06 <0.040
SDSS J075525.51 + 172836.59 0.2541 47.4 −21.1 12.1+0.3
−0.2 222
+45
−26 203
+46
−26 0.23
−0.03
+0.04 105
−7
+4 0.45
+0.03
−0.02 0.52
−0.12
+0.07 0.510 ± 0.020
SDSS J080004.56 + 184935.15 0.2544 30.1 −20.5 11.9+0.3
−0.2 189
+49
−24 170
+49
−24 0.18
−0.03
+0.04 114
−8
+5 0.27
+0.02
−0.01 0.67
−0.20
+0.10 0.300 ± 0.040
SDSS J081420.19 + 383408.3 0.0980 52.5 −21.6 12.1+0.3
−0.2 211
+45
−26 197
+47
−26 0.27
−0.04
+0.05 126
−7
+5 0.42
+0.03
−0.02 0.64
−0.15
+0.09 0.570 ± 0.050
SDSS J082340.18 + 074801.68 0.1864 37.3 −21.4 12.1+0.3
−0.2 209
+49
−26 193
+50
−27 0.19
−0.03
+0.04 116
−8
+5 0.32
+0.02
−0.01 0.60
−0.16
+0.09 0.370 ± 0.040
0827 + 243 J083052.08 + 241059.82 0.2580 69.5 −20.3 11.8+0.4
−0.2 178
+51
−23 159
+50
−23 0.44
−0.07
+0.10 116
−8
+5 0.60
+0.05
−0.02 0.73
−0.23
+0.12 <0.128
0827 + 243 J083052.08 + 241059.82 0.5247 37.2 −22.0 12.3+0.2
−0.2 282
+38
−29 252
+38
−28 0.15
−0.02
+0.02 66
−4
+4 0.56
+0.04
−0.03 0.26
−0.04
+0.03 2.419 ± 0.012
0836 + 113 J083933.01 + 111203.82 0.7868 26.8 −20.9 11.8+0.3
−0.2 212
+46
−24 174
+43
−22 0.15
−0.02
+0.03 65
−6
+3 0.41
+0.04
−0.02 0.37
−0.09
+0.06 2.133 ± 0.019
SDSS J084119.78 + 012621.75 0.4091 76.4 −21.8 12.2+0.2
−0.2 247
+38
−27 223
+38
−27 0.34
−0.05
+0.05 84
−5
+4 0.91
+0.06
−0.04 0.38
−0.07
+0.05 0.100 ± 0.020
SDSS J084456.06 + 004708.95 0.1551 31.4 −20.5 11.7+0.5
−0.2 156
+59
−22 140
+59
−22 0.22
−0.04
+0.07 134
−11
+6 0.23
+0.02
−0.01 0.96
−0.40
+0.17 0.400 ± 0.050
SDSS J085826.93 + 022604.49 0.1097 91.4 −19.7 11.4+0.6
−0.2 129
+61
−18 115
+61
−17 0.80
−0.14
+0.28 149
−14
+6 0.61
+0.06
−0.02 1.30
−0.69
+0.23 <0.090
SDSS J090519.70 + 084917.32 0.1499 8.6 −16.6 10.7+0.7
−0.2 82
+49
−11 69
+46
−11 0.12
−0.02
+0.05 163
−17
+6 0.05
+0.01
−0.00 2.35
−1.57
+0.43 0.820 ± 0.100
SDSS J090519.70 + 084917.32 0.3856 101.1 −21.1 12.1+0.3
−0.2 233
+47
−27 210
+47
−27 0.48
−0.07
+0.09 89
−6
+4 1.13
+0.08
−0.05 0.43
−0.10
+0.06 <0.060
SDSS J090519.70 + 084917.32 0.4545 86.7 −20.8 11.7+0.3
−0.2 184
+48
−24 159
+46
−22 0.54
−0.09
+0.12 96
−7
+4 0.90
+0.07
−0.04 0.60
−0.18
+0.10 <0.060
SDSS J091119.16 + 031152.9 0.0962 70.0 −21.5 12.1+0.3
−0.2 208
+45
−26 194
+47
−26 0.36
−0.06
+0.07 127
−7
+5 0.55
+0.03
−0.02 0.66
−0.16
+0.10 0.820 ± 0.100
SDSS J091845.91 + 060226.09 0.1849 81.0 −21.2 12.0+0.3
−0.2 196
+51
−26 179
+51
−26 0.45
−0.08
+0.10 119
−8
+5 0.68
+0.05
−0.03 0.67
−0.19
+0.11 <0.110
SDSS J092300.67 + 075108.2 0.1038 10.0 −22.1 12.5+0.2
−0.2 269
+39
−30 257
+41
−32 0.04
−0.01
+0.01 111
−5
+5 0.09
+0.00
−0.00 0.43
−0.07
+0.06 2.250 ± 0.140
SDSS J093251.82 + 073729.11 0.3876 35.9 −21.3 12.2+0.2
−0.2 245
+43
−28 222
+44
−28 0.16
−0.02
+0.03 86
−6
+4 0.42
+0.03
−0.02 0.39
−0.08
+0.05 1.100 ± 0.020
SDSS J093536.98 + 112408.03 0.2808 20.0 −20.3 11.8+0.4
−0.2 182
+51
−24 163
+51
−23 0.12
−0.02
+0.03 113
−8
+5 0.18
+0.01
−0.01 0.69
−0.22
+0.11 0.790 ± 0.040
SDSS J100807.51 + 014448.97 0.2173 163.8 −22.3 12.7+0.1
−0.1 327
+32
−32 314
+34
−34 0.52
−0.06
+0.05 84
+4
+4 1.96
−0.08
−0.09 0.27
−0.03
+0.03 <0.300
SDSS J100906.36 + 023555.31 0.2523 33.7 −21.6 12.3+0.2
−0.2 254
+39
−28 236
+40
−28 0.14
−0.02
+0.02 97
−5
+4 0.35
+0.02
−0.01 0.41
−0.07
+0.05 0.100 ± 0.010
SDSS J102218.98 + 013218.82 0.1369 106.0 −21.6 12.2+0.3
−0.2 219
+44
−26 204
+46
−27 0.52
−0.08
+0.10 119
−7
+5 0.89
+0.05
−0.03 0.58
−0.13
+0.08 <0.170
1019 + 309 J102230.29 + 304105.11 0.3460 46.0 −20.5 11.9+0.3
−0.2 193
+52
−25 172
+51
−24 0.27
−0.04
+0.06 103
−8
+5 0.45
+0.04
−0.02 0.60
−0.18
+0.10 0.624 ± 0.017
SDSS J102751.62 + 104532.61 0.1093 80.8 −22.3 12.6+0.2
−0.2 299
+35
−32 289
+38
−33 0.28
−0.04
+0.03 103
−4
+5 0.78
+0.04
−0.03 0.36
−0.05
+0.04 <0.230
SDSS J102847.00 + 391800.5 0.1135 87.2 −21.6 12.1+0.3
−0.2 213
+45
−26 198
+47
−26 0.44
−0.07
+0.08 124
−7
+5 0.70
+0.04
−0.03 0.62
−0.15
+0.09 0.300 ± 0.020
SDSS J103607.51 + 015659.14 0.3571 169.9 −22.5 12.8+0.1
−0.1 375
+32
−37 355
+34
−38 0.48
−0.06
+0.04 69
+5
−6 2.47
−0.16
+0.22 0.19
−0.02
+0.02 <0.030
SDSS J103836.50 + 095138.85 0.1742 15.1 −19.3 11.3+0.6
−0.2 123
+64
−17 108
+63
−16 0.14
−0.03
+0.05 143
−15
+5 0.11
+0.01
−0.00 1.32
−0.77
+0.24 1.040 ± 0.060
1038 + 064 J104117.16 + 061016.92 0.3157 53.6 −19.6 11.6+0.4
−0.2 156
+55
−22 136
+54
−21 0.39
−0.07
+0.11 116
−10
+5 0.46
+0.04
−0.02 0.85
−0.34
+0.15 <0.030
1038 + 064 J104117.16 + 061016.92 0.4432 55.9 −21.4 12.0+0.3
−0.2 221
+43
−26 196
+42
−25 0.29
−0.04
+0.05 87
−6
+4 0.64
+0.05
−0.03 0.45
−0.10
+0.06 0.673 ± 0.011
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Table 1—Continued
(1) (2) (3) (4) (5) (6) (7)a (8)a (9)a (10)a,b (11)a (12)a (13)
Field J-Name zgal D Mr logM h/M⊙ V
max
c Rvir ηv Rc ηc Rc/Rvir Wr(2796)
[kpc] (ab) [km s−1] [kpc] [kpc] [A˚]
SDSS J104935.99 + 075813.74 0.4793 176.5 −22.7 12.8+0.1
−0.1 396
+34
−36 369
+35
−37 0.48
−0.05
+0.04 57
+4
−5 3.09
−0.21
+0.27 0.15
−0.02
+0.02 <0.300
SDSS J105033.08 − 001354.84 0.1155 85.1 −22.1 12.5+0.2
−0.2 272
+39
−30 259
+41
−32 0.33
−0.05
+0.04 109
−5
+5 0.78
+0.04
−0.03 0.42
−0.07
+0.06 <0.160
1100 − 264 J110325.29 − 264515.7 0.3590 60.8 −20.9 12.0+0.3
−0.2 216
+46
−27 193
+46
−26 0.31
−0.05
+0.06 96
−6
+4 0.63
+0.05
−0.03 0.50
−0.12
+0.08 0.545 ± 0.001
SDSS J111342.42 − 000730.80 0.1094 49.8 −22.4 12.7+0.1
−0.2 320
+34
−33 311
+37
−35 0.16
−0.02
+0.02 98
+2
+5 0.51
−0.01
−0.02 0.32
−0.04
+0.04 <0.250
SDSS J111850.13 − 002100.7 0.1316 27.1 −21.8 12.3+0.2
−0.2 235
+42
−28 221
+44
−29 0.12
−0.02
+0.02 116
−6
+5 0.23
+0.01
−0.01 0.52
−0.11
+0.07 1.930 ± 0.080
SDSS J112016.66 + 093323.53 0.4933 34.0 −21.9 12.2+0.2
−0.2 264
+38
−28 236
+38
−27 0.14
−0.02
+0.02 73
−5
+4 0.47
+0.03
−0.02 0.31
−0.05
+0.04 2.140 ± 0.030
SDSS J112613.52 + 352002.60 0.1117 97.7 −21.7 12.2+0.3
−0.2 222
+43
−27 207
+45
−28 0.47
−0.07
+0.08 122
−7
+5 0.80
+0.05
−0.03 0.59
−0.13
+0.08 <0.200
1127 − 145 J113007.05 − 144927.38 0.2074 114.3 −19.4 11.5+0.5
−0.2 145
+55
−20 129
+54
−19 0.89
−0.16
+0.26 131
−11
+5 0.87
+0.08
−0.03 1.02
−0.43
+0.18 <0.004
1127 − 145 J113007.05 − 144927.38 0.2792 117.4 −19.8 11.6+0.4
−0.2 162
+55
−22 143
+54
−21 0.82
−0.14
+0.22 118
−10
+5 0.99
+0.09
−0.04 0.83
−0.31
+0.14 <0.004
1127 − 145 J113007.05 − 144927.38 0.3051 193.4 −20.8 12.0+0.3
−0.2 206
+47
−26 185
+47
−26 1.04
−0.17
+0.21 104
−7
+5 1.86
+0.13
−0.08 0.56
−0.14
+0.09 <0.004
1127 − 145 J113007.05 − 144927.38 0.3329 180.9 −20.8 12.0+0.3
−0.2 206
+49
−26 185
+49
−26 0.98
−0.16
+0.20 101
−7
+5 1.79
+0.14
−0.08 0.55
−0.15
+0.09 <0.004
SDSS J113757.02 + 085017.21 0.3356 31.1 −20.5 11.9+0.3
−0.2 192
+52
−25 171
+51
−24 0.18
−0.03
+0.04 104
−8
+5 0.30
+0.02
−0.01 0.61
−0.18
+0.10 0.910 ± 0.060
SDSS J114144.62 + 080614.79 0.2290 76.7 −20.9 12.0+0.3
−0.2 204
+45
−26 186
+45
−26 0.41
−0.07
+0.08 112
−7
+5 0.68
+0.04
−0.03 0.60
−0.15
+0.09 0.310 ± 0.030
SDSS J114144.62 + 080614.79 0.3583 61.1 −21.5 12.3+0.2
−0.2 255
+40
−28 233
+40
−28 0.26
−0.04
+0.04 86
−5
+4 0.71
+0.04
−0.03 0.37
−0.07
+0.05 0.490 ± 0.020
SDSS J114444.63 + 071443.75 0.4906 97.6 −23.1 13.2+0.1
−0.1 511
+40
−47 487
+42
−49 0.20
−0.02
+0.02 52
+4
−5 1.87
−0.13
+0.19 0.11
−0.01
+0.01 0.600 ± 0.100
SDSS J114518.47 + 451601.4 0.1339 38.6 −21.9 12.3+0.2
−0.2 245
+42
−28 231
+44
−29 0.17
−0.02
+0.03 113
−6
+5 0.34
+0.02
−0.01 0.49
−0.10
+0.07 1.060 ± 0.060
SDSS J114657.91 + 020712.69 0.5437 74.7 −23.3 13.4+0.1
−0.1 604
+47
−56 580
+50
−58 0.13
−0.01
+0.01 39
+4
−5 1.92
−0.17
+0.25 0.07
−0.01
+0.01 1.600 ± 0.200
SDSS J114803.17 + 565411.4 0.1045 29.5 −22.1 12.4+0.2
−0.2 261
+39
−29 249
+41
−31 0.12
−0.02
+0.02 113
−5
+5 0.26
+0.01
−0.01 0.45
−0.08
+0.06 1.590 ± 0.060
1148 + 387 J115129.37 + 382552.35 0.5536 20.4 −21.3 12.0+0.3
−0.2 224
+45
−27 194
+43
−25 0.11
−0.02
+0.02 78
−6
+4 0.26
+0.02
−0.01 0.40
−0.09
+0.06 0.640 ± 0.013
SDSS J120932.26 + 004555.92 0.2533 54.2 −20.3 11.8+0.4
−0.2 177
+51
−23 159
+51
−23 0.34
−0.06
+0.08 117
−9
+5 0.46
+0.04
−0.02 0.73
−0.24
+0.12 <0.090
1209 + 107 J121140.59 + 103002.02 0.3920 37.5 −19.6 11.6+0.4
−0.2 158
+58
−22 137
+56
−21 0.27
−0.05
+0.08 108
−10
+5 0.35
+0.03
−0.01 0.79
−0.32
+0.14 1.187 ± 0.005
1222 + 228 J122527.39 + 223513.0 0.5502 37.7 −20.3 11.6+0.4
−0.2 170
+54
−23 144
+51
−21 0.26
−0.04
+0.07 92
−8
+4 0.41
+0.04
−0.02 0.64
−0.23
+0.11 0.094 ± 0.009
1229 − 021 J123200.01 − 022405.27 0.7546 12.4 −21.0 11.8+0.3
−0.2 215
+43
−24 179
+40
−22 0.07
−0.01
+0.01 66
−5
+3 0.19
+0.02
−0.01 0.37
−0.08
+0.05 0.303 ± 0.003
1241 + 176 J124410.82 + 172104.52 0.5500 21.1 −21.0 11.8+0.3
−0.2 202
+47
−25 174
+45
−23 0.12
−0.02
+0.03 83
−6
+4 0.25
+0.02
−0.01 0.48
−0.13
+0.07 0.465 ± 0.011
1245 + 345 J124727.83 + 341509.56 0.9410 27.4 −21.2 11.8+0.2
−0.2 223
+41
−25 179
+37
−22 0.15
−0.02
+0.03 54
−5
+3 0.51
+0.05
−0.03 0.30
−0.07
+0.05 0.460 ± 0.040
1246 − 057 J124913.85 − 055919.07 0.6370 29.0 −20.7 11.7+0.3
−0.2 192
+45
−23 161
+42
−21 0.18
−0.03
+0.04 80
−6
+4 0.36
+0.03
−0.02 0.49
−0.13
+0.08 0.450 ± 0.004
1248 + 401 J125048.32 + 395139.48 0.7725 35.4 −20.4 11.6+0.3
−0.2 185
+48
−23 151
+44
−21 0.23
−0.04
+0.05 73
−6
+4 0.49
+0.05
−0.02 0.48
−0.14
+0.08 0.695 ± 0.005
1254 + 047 J125659.92 + 042734.39 0.9341 12.5 −20.6 11.6+0.3
−0.2 184
+47
−22 145
+41
−19 0.09
−0.01
+0.02 64
−6
+3 0.20
+0.02
−0.01 0.44
−0.13
+0.07 0.338 ± 0.005
SDSS J125739.22 + 144806.26 0.4648 33.8 −21.6 12.1+0.2
−0.2 241
+40
−27 214
+39
−26 0.16
−0.02
+0.02 81
−5
+4 0.42
+0.03
−0.02 0.38
−0.07
+0.05 0.120 ± 0.020
SDSS J130554.17 + 014929.82 0.1747 129.8 −22.1 12.4+0.2
−0.2 269
+40
−30 254
+42
−31 0.51
−0.07
+0.07 102
−5
+5 1.27
+0.07
−0.05 0.40
−0.07
+0.05 0.450 ± 0.030
SDSS J130554.17 + 014929.82 0.2258 71.9 −21.0 12.0+0.3
−0.2 210
+44
−25 192
+44
−25 0.37
−0.06
+0.07 111
−7
+5 0.65
+0.04
−0.03 0.58
−0.14
+0.08 <0.060
SDSS J131815.12 + 012450.67 0.5405 105.9 −22.8 12.9+0.1
−0.1 424
+36
−38 392
+37
−38 0.27
−0.03
+0.02 51
+4
−4 2.08
−0.15
+0.19 0.13
−0.02
+0.02 <0.300
1317 + 277 J131956.23 + 272808.22 0.6610 103.1 −21.7 12.1+0.2
−0.2 259
+37
−27 224
+35
−25 0.46
−0.06
+0.06 62
−4
+3 1.67
+0.12
−0.09 0.28
−0.05
+0.04 0.320 ± 0.006
1317 + 277 J131956.23 + 272808.22 0.6719 57.7 −22.1 12.4+0.1
−0.1 303
+32
−29 264
+31
−27 0.22
−0.03
+0.02 51
−3
+3 1.14
+0.08
−0.07 0.19
−0.03
+0.02 <0.005
1321 + 294 J132320.55 + 291007.15 0.2310 17.2 −20.3 11.8+0.4
−0.2 176
+50
−23 158
+50
−23 0.11
−0.02
+0.03 120
−9
+5 0.14
+0.01
−0.01 0.76
−0.24
+0.12 0.710 ± 0.050
SDSS J132757.41 + 101141.78 0.2557 25.5 −19.8 11.6+0.4
−0.2 160
+54
−22 142
+54
−21 0.18
−0.03
+0.05 121
−10
+5 0.21
+0.02
−0.01 0.86
−0.33
+0.15 0.650 ± 0.040
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(1) (2) (3) (4) (5) (6) (7)a (8)a (9)a (10)a,b (11)a (12)a (13)
Field J-Name zgal D Mr logM h/M⊙ V
max
c Rvir ηv Rc ηc Rc/Rvir Wr(2796)
[kpc] (ab) [km s−1] [kpc] [kpc] [A˚]
SDSS J132831.08 + 075942.01 0.2358 99.8 −20.7 11.9+0.3
−0.2 195
+47
−25 177
+48
−25 0.56
−0.09
+0.12 114
−8
+5 0.88
+0.06
−0.04 0.64
−0.17
+0.10 0.210± 0.050
SDSS J132831.08 + 075942.01 0.3323 32.5 −21.8 12.4+0.2
−0.2 285
+34
−31 264
+35
−31 0.12
−0.02
+0.01 82
−4
+4 0.40
+0.02
−0.02 0.31
−0.04
+0.04 0.590± 0.040
1331 + 170 J133335.78 + 164904.01 0.7443 30.5 −21.4 12.0+0.2
−0.2 245
+39
−27 207
+36
−25 0.15
−0.02
+0.02 60
−4
+3 0.51
+0.04
−0.03 0.29
−0.05
+0.04 1.836± 0.003
1332 + 552 J133411.70 + 550124.98 0.3730 27.7 −22.1 12.5+0.2
−0.2 314
+36
−32 291
+37
−32 0.10
−0.01
+0.01 71
0
+4 0.39
+0.00
−0.02 0.24
−0.03
+0.03 2.900± 0.050
1354 + 195 J135704.43 + 191907.37 0.4406 140.2 −20.8 11.7+0.3
−0.2 183
+48
−23 158
+46
−22 0.89
−0.14
+0.20 97
−7
+4 1.44
+0.12
−0.06 0.61
−0.18
+0.10 <0.013
1354 + 195 J135704.43 + 191907.37 0.4592 45.1 −20.8 11.7+0.3
−0.2 184
+48
−24 159
+46
−22 0.28
−0.05
+0.06 95
−7
+4 0.47
+0.04
−0.02 0.60
−0.18
+0.10 0.773± 0.015
1354 + 195 J135704.43 + 191907.37 0.8031 191.8 −22.6 12.6+0.1
−0.1 374
+30
−32 325
+29
−30 0.59
−0.06
+0.05 33
+3
−3 5.83
−0.44
+0.56 0.10
−0.01
+0.01 <0.005
SDSS J140619.61 + 130106.82 0.1748 121.6 −21.6 12.1+0.3
−0.2 221
+46
−27 204
+47
−27 0.59
−0.09
+0.11 114
−7
+5 1.06
+0.07
−0.04 0.56
−0.13
+0.08 <0.170
SDSS J140619.61 + 130106.82 0.2220 17.7 −20.3 11.8+0.4
−0.2 175
+50
−23 158
+50
−23 0.11
−0.02
+0.03 121
−9
+5 0.15
+0.01
−0.01 0.77
−0.25
+0.12 0.960± 0.060
SDSS J140843.77 + 004730.46 0.1146 48.6 −21.4 12.0+0.3
−0.2 200
+48
−26 185
+49
−26 0.26
−0.04
+0.06 127
−8
+5 0.38
+0.03
−0.01 0.69
−0.19
+0.11 <0.270
SDSS J141654.33 − 000520.35 0.4746 83.7 −22.8 12.9+0.1
−0.1 420
+35
−38 394
+37
−39 0.21
−0.02
+0.02 57
+4
−5 1.46
−0.10
+0.13 0.15
−0.02
+0.02 <0.300
SDSS J142310.50 + 093357.14 0.6139 172.6 −24.2 13.7+0.1
−0.1 773
+42
−49 750
+45
−52 0.23
−0.02
+0.01 9
+2
−3 18.83
−3.72
+7.49 0.01
−0.00
+0.00 <0.150
SDSS J142556.40 − 001818.79 0.1382 133.5 −23.2 13.4+0.1
−0.2 530
+45
−53 539
+51
−59 0.25
−0.03
+0.02 102
+7
−9 1.31
−0.09
+0.12 0.19
−0.02
+0.02 <0.290
1424 − 118 J142738.10 − 120350.00 0.3404 85.9 −20.8 12.0+0.3
−0.2 209
+48
−27 187
+48
−26 0.46
−0.07
+0.09 100
−7
+5 0.86
+0.06
−0.04 0.53
−0.14
+0.08 0.100± 0.015
SDSS J143216.78 + 095519.29 0.3293 19.0 −20.7 11.9+0.3
−0.2 204
+49
−26 183
+49
−25 0.10
−0.02
+0.02 102
−7
+5 0.19
+0.01
−0.01 0.56
−0.15
+0.09 2.360± 0.040
SDSS J150339.98 + 064259.96 0.1809 26.1 −19.3 11.3+0.6
−0.2 125
+63
−17 109
+62
−17 0.24
−0.04
+0.09 141
−14
+5 0.18
+0.02
−0.01 1.30
−0.74
+0.24 <0.170
SDSS J150339.98 + 064259.96 0.2333 94.6 −19.9 11.7+0.4
−0.2 163
+53
−22 145
+53
−21 0.65
−0.11
+0.17 123
−10
+5 0.77
+0.07
−0.03 0.85
−0.31
+0.14 <0.090
SDSS J151228.82 − 011223.12 0.1284 25.2 −19.6 11.4+0.6
−0.2 130
+62
−18 115
+62
−17 0.22
−0.04
+0.08 146
−14
+6 0.17
+0.02
−0.01 1.28
−0.69
+0.23 0.940± 0.160
1511 + 103 J151329.29 + 101105.54 0.4370 38.0 −20.4 11.6+0.4
−0.2 166
+52
−22 143
+50
−21 0.27
−0.05
+0.07 102
−8
+5 0.37
+0.03
−0.02 0.72
−0.25
+0.12 0.454± 0.046
SDSS J151541.23 + 334739.49 0.1156 29.7 −21.4 12.0+0.3
−0.2 202
+48
−26 187
+50
−26 0.16
−0.03
+0.03 126
−8
+5 0.23
+0.02
−0.01 0.67
−0.18
+0.10 <0.190
SDSS J153112.98 + 091138.78 0.2659 48.3 −19.9 11.7+0.4
−0.2 165
+54
−22 147
+53
−22 0.33
−0.06
+0.09 119
−9
+5 0.41
+0.04
−0.02 0.81
−0.30
+0.14 0.310± 0.030
SDSS J153112.98 + 091138.78 0.3265 91.3 −20.2 11.8+0.4
−0.2 180
+53
−24 159
+52
−23 0.57
−0.10
+0.14 109
−8
+5 0.84
+0.07
−0.04 0.68
−0.23
+0.11 <0.060
SDSS J153715.34 + 023049.73 0.2151 29.0 −20.3 11.8+0.4
−0.2 177
+50
−23 159
+50
−23 0.18
−0.03
+0.04 121
−9
+5 0.24
+0.02
−0.01 0.76
−0.24
+0.12 0.800± 0.020
1548 + 092 J155103.39 + 090849.25 0.3390 103.8 −21.6 12.3+0.2
−0.2 263
+39
−29 241
+40
−29 0.43
−0.06
+0.06 86
−5
+4 1.20
+0.07
−0.05 0.36
−0.06
+0.05 <0.024
1548 + 092 J155103.39 + 090849.25 0.5540 64.5 −21.6 12.1+0.2
−0.2 249
+40
−27 218
+39
−26 0.30
−0.04
+0.05 72
−5
+4 0.90
+0.07
−0.05 0.33
−0.06
+0.05 <0.023
1548 + 092 J155103.39 + 090849.25 0.7703 40.5 −19.8 11.4+0.4
−0.2 155
+53
−20 124
+48
−18 0.33
−0.05
+0.09 80
−8
+4 0.50
+0.05
−0.02 0.65
−0.25
+0.11 0.229± 0.018
1548 + 092 J155103.39 + 090849.25 0.8030 120.9 −23.3 13.1+0.1
−0.1 517
+33
−38 464
+33
−38 0.26
−0.02
+0.02 21
+2
−3 5.71
−0.53
+0.76 0.05
−0.01
+0.01 <0.020
SDSS J155336.46 + 053423.97 0.3227 70.3 −22.0 12.5+0.2
−0.2 299
+35
−31 279
+36
−31 0.25
−0.03
+0.03 79
−4
+4 0.88
+0.05
−0.04 0.28
−0.04
+0.04 0.710± 0.010
SDSS J155557.07 − 003608.41 0.3006 47.7 −19.5 11.5+0.5
−0.2 152
+56
−21 133
+55
−20 0.36
−0.06
+0.11 119
−10
+5 0.40
+0.04
−0.02 0.90
−0.37
+0.16 <0.060
SDSS J160726.77 + 471251.37 0.4980 188.6 −22.0 12.3+0.2
−0.2 281
+38
−28 252
+38
−28 0.75
−0.09
+0.10 68
−4
+4 2.76
+0.19
−0.14 0.27
−0.04
+0.03 1.200± 0.200
SDSS J160749.34 − 002219.86 0.3985 48.8 −21.9 12.5+0.2
−0.2 305
+37
−31 281
+37
−32 0.17
−0.02
+0.02 71
−3
+4 0.69
+0.03
−0.04 0.25
−0.04
+0.03 0.800± 0.010
SDSS J160905.42 + 071337.29 0.2075 52.2 −21.1 12.1+0.3
−0.2 217
+45
−25 200
+46
−25 0.26
−0.04
+0.05 111
−7
+4 0.47
+0.03
−0.02 0.56
−0.13
+0.08 <0.120
SDSS J161714.12 + 243255.63 0.5703 46.7 −23.7 13.9+0.1
−0.1 855
+60
−59 845
+65
−64 0.06
−0.00
+0.00 3
+3
−3 14.25
−6.79
+9.99 0.00
−0.00
+0.00 1.500± 0.300
SDSS J161940.56 + 254323.0 0.1244 43.0 −21.9 12.3+0.2
−0.2 240
+42
−27 226
+44
−28 0.19
−0.03
+0.03 115
−6
+5 0.37
+0.02
−0.01 0.51
−0.10
+0.07 0.320± 0.030
1622 + 238 J162439.08 + 234512.20 0.2610 125.0 −19.1 11.4+0.5
−0.2 139
+58
−19 121
+57
−18 1.03
−0.18
+0.33 127
−12
+5 0.98
+0.10
−0.04 1.05
−0.50
+0.18 <0.015
1622 + 238 J162439.08 + 234512.20 0.2800 140.3 −17.8 11.1+0.6
−0.2 110
+57
−15 93
+54
−14 1.51
−0.27
+0.55 135
−14
+5 1.04
+0.12
−0.04 1.45
−0.85
+0.26 <0.013
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(1) (2) (3) (4) (5) (6) (7)a (8)a (9)a (10)a,b (11)a (12)a (13)
Field J-Name zgal D Mr logM h/M⊙ V
max
c Rvir ηv Rc ηc Rc/Rvir Wr(2796)
[kpc] (ab) [km s−1] [kpc] [kpc] [A˚]
1622 + 238 J162439.08 + 234512.20 0.3181 54.4 −20.9 12.0+0.3
−0.2 215
+45
−26 195
+46
−26 0.28
−0.04
+0.05 100
−6
+4 0.54
+0.04
−0.02 0.51
−0.12
+0.08 0.491 ± 0.010
1622 + 238 J162439.08 + 234512.20 0.4720 34.0 −19.5 11.4+0.5
−0.2 142
+54
−19 120
+51
−18 0.28
−0.05
+0.09 106
−10
+4 0.32
+0.03
−0.01 0.89
−0.38
+0.15 0.769 ± 0.006
1622 + 238 J162439.08 + 234512.20 0.5650 61.7 −18.7 11.2+0.5
−0.2 127
+57
−17 103
+52
−15 0.60
−0.10
+0.20 103
−11
+4 0.60
+0.07
−0.02 0.99
−0.50
+0.18 <0.024
1622 + 238 J162439.08 + 234512.20 0.6350 64.0 −18.7 11.0+0.5
−0.2 113
+51
−15 90
+46
−13 0.71
−0.12
+0.24 102
−10
+4 0.63
+0.07
−0.02 1.13
−0.57
+0.20 <0.024
1622 + 238 J162439.08 + 234512.20 0.6560 99.3 −20.3 11.6+0.4
−0.2 173
+48
−22 143
+45
−20 0.69
−0.11
+0.16 83
−7
+4 1.19
+0.11
−0.05 0.58
−0.18
+0.09 1.446 ± 0.006
1622 + 238 J162439.08 + 234512.20 0.7016 112.3 −21.6 12.1+0.2
−0.2 258
+37
−27 220
+35
−25 0.51
−0.07
+0.07 59
−4
+3 1.89
+0.15
−0.10 0.27
−0.05
+0.04 0.032 ± 0.003
1622 + 238 J162439.08 + 234512.20 0.7975 71.3 −21.4 12.0+0.2
−0.2 247
+40
−27 206
+37
−24 0.35
−0.05
+0.05 56
−4
+3 1.27
+0.11
−0.07 0.27
−0.05
+0.04 0.468 ± 0.008
1622 + 238 J162439.08 + 234512.20 0.8280 139.3 −20.8 11.7+0.3
−0.2 192
+44
−23 155
+39
−20 0.90
−0.13
+0.18 68
−6
+3 2.06
+0.18
−0.10 0.44
−0.11
+0.07 <0.005
1622 + 238 J162439.08 + 234512.20 0.8909 23.2 −20.9 11.7+0.3
−0.2 201
+43
−24 162
+38
−21 0.14
−0.02
+0.03 62
−5
+3 0.38
+0.03
−0.02 0.38
−0.09
+0.06 1.548 ± 0.004
1704 + 710 J170426.08 + 705734.7 0.7123 22.1 −20.2 11.5+0.4
−0.2 173
+49
−22 142
+45
−20 0.16
−0.03
+0.04 79
−7
+4 0.28
+0.03
−0.01 0.56
−0.18
+0.09 1.490 ± 0.050
2000 − 330 J200324.11 − 325145.13 0.7910 49.8 −22.4 12.5+0.1
−0.1 350
+33
−31 302
+31
−29 0.16
−0.02
+0.02 35
+3
+0 1.43
−0.12
−0.02 0.12
−0.01
+0.02 1.165 ± 0.002
SDSS J204303.55 − 010126.05 0.1329 39.6 −19.3 11.3+0.6
−0.2 123
+62
−17 108
+61
−16 0.37
−0.07
+0.13 148
−15
+6 0.27
+0.03
−0.01 1.37
−0.78
+0.25 <0.290
SDSS J204303.55 − 010126.05 0.2356 48.6 −21.2 12.2+0.2
−0.2 227
+43
−26 209
+44
−26 0.23
−0.03
+0.04 106
−6
+4 0.46
+0.03
−0.02 0.50
−0.11
+0.07 1.240 ± 0.050
SDSS J210230.72 + 094125.08 0.3565 22.5 −20.4 11.8+0.4
−0.2 189
+53
−25 168
+52
−24 0.13
−0.02
+0.03 103
−8
+5 0.22
+0.02
−0.01 0.61
−0.19
+0.10 0.710 ± 0.040
SDSS J211626.32 − 062437.44 0.5237 142.5 −22.9 13.0+0.1
−0.1 467
+37
−40 438
+38
−41 0.33
−0.03
+0.03 51
+4
−4 2.81
−0.20
+0.26 0.12
−0.01
+0.01 0.500 ± 0.100
SDSS J212938.59 − 063801.85 0.2782 27.5 −19.8 11.6+0.4
−0.2 160
+54
−22 141
+54
−21 0.20
−0.04
+0.05 119
−10
+5 0.23
+0.02
−0.01 0.85
−0.32
+0.15 0.580 ± 0.030
2128 − 123 J213135.26 − 120704.79 0.4300 48.1 −21.5 12.0+0.2
−0.2 225
+43
−26 200
+42
−25 0.24
−0.04
+0.04 87
−6
+4 0.55
+0.04
−0.02 0.44
−0.09
+0.06 0.395 ± 0.010
2145 + 067 J214805.45 + 065738.60 0.7900 40.8 −21.6 12.1+0.2
−0.2 256
+39
−27 215
+36
−25 0.19
−0.03
+0.03 54
−4
+3 0.75
+0.06
−0.04 0.25
−0.05
+0.04 0.547 ± 0.005
2206 − 199 J220852.07 − 194359.0 0.7520 11.7 −21.1 11.9+0.3
−0.2 221
+43
−25 184
+39
−23 0.06
−0.01
+0.01 65
−5
+4 0.18
+0.02
−0.01 0.35
−0.08
+0.05 0.890 ± 0.002
2206 − 199 J220852.07 − 194359.0 0.9480 86.9 −21.9 12.2+0.2
−0.1 286
+35
−27 235
+32
−25 0.37
−0.04
+0.04 39
−4
+3 2.24
+0.23
−0.17 0.17
−0.03
+0.02 0.249 ± 0.002
2206 − 199 J220852.07 − 194359.0 1.0166 104.4 −23.0 12.6+0.1
−0.1 399
+30
−32 335
+28
−30 0.31
−0.03
+0.02 18
+2
−2 5.68
−0.54
+0.73 0.05
−0.01
+0.01 1.047 ± 0.003
SDSS J221126.76 + 124458.16 0.4872 31.3 −22.8 12.9+0.1
−0.1 427
+36
−39 400
+37
−40 0.08
−0.01
+0.01 56
+4
−5 0.56
−0.04
+0.05 0.14
−0.02
+0.02 0.400 ± 0.020
SDSS J221526.74 + 011356.47 0.1952 30.9 −18.3 11.1+0.6
−0.2 106
+59
−15 91
+57
−14 0.34
−0.06
+0.13 147
−15
+6 0.21
+0.02
−0.01 1.62
−1.02
+0.30 <0.230
SDSS J221526.74 + 011356.47 0.3203 50.5 −20.8 12.0+0.3
−0.2 206
+48
−26 185
+48
−26 0.27
−0.04
+0.06 102
−7
+5 0.49
+0.04
−0.02 0.55
−0.14
+0.09 0.400 ± 0.050
SDSS J223246.80 + 134702.04 0.3221 39.2 −22.0 12.5+0.2
−0.2 300
+35
−31 280
+36
−32 0.14
−0.02
+0.02 79
−4
+4 0.50
+0.03
−0.02 0.28
−0.04
+0.04 0.920 ± 0.050
SDSS J223316.87 + 133309.90 0.2138 32.3 −21.0 12.1+0.3
−0.2 213
+45
−25 196
+46
−25 0.16
−0.02
+0.03 112
−7
+5 0.29
+0.02
−0.01 0.57
−0.14
+0.08 1.360 ± 0.060
SDSS J223359.93 − 003315.79 0.1162 12.1 −18.7 11.2+0.6
−0.2 110
+59
−15 96
+58
−15 0.13
−0.02
+0.05 155
−16
+6 0.08
+0.01
−0.00 1.63
−0.98
+0.30 1.110 ± 0.090
2231 − 002 J223408.99 + 000001.69 0.8549 23.6 −20.7 11.6+0.3
−0.2 184
+45
−22 148
+40
−20 0.16
−0.02
+0.03 68
−6
+3 0.35
+0.03
−0.02 0.46
−0.13
+0.07 0.784 ± 0.004
SDSS J224704.78 − 081617.54 0.4270 111.7 −22.2 12.5+0.2
−0.1 303
+34
−29 277
+34
−29 0.40
−0.05
+0.04 69
−4
+4 1.62
+0.09
−0.08 0.25
−0.03
+0.03 <0.060
SDSS J225036.72 + 000759.49 0.1483 52.4 −21.9 12.4+0.2
−0.2 253
+41
−28 239
+43
−29 0.22
−0.03
+0.03 109
−6
+5 0.48
+0.03
−0.02 0.46
−0.08
+0.06 1.080 ± 0.070
SDSS J230225.49 − 082154.12 0.3618 34.4 −21.6 12.3+0.2
−0.2 268
+39
−29 245
+40
−29 0.14
−0.02
+0.02 83
−5
+4 0.41
+0.03
−0.02 0.34
−0.06
+0.04 2.020 ± 0.060
SDSS J230845.60 − 091449.45 0.2147 12.7 −20.4 11.8+0.4
−0.2 181
+50
−24 164
+51
−23 0.08
−0.01
+0.02 120
−9
+5 0.11
+0.01
−0.00 0.73
−0.23
+0.12 0.430 ± 0.070
SDSS J232735.98 + 153309.57 0.4756 161.7 −21.3 12.0+0.3
−0.2 218
+44
−26 192
+43
−25 0.84
−0.13
+0.15 85
−6
+4 1.90
+0.14
−0.09 0.44
−0.10
+0.07 <0.300
SDSS J232925.18 − 100722.43 0.4606 98.1 −22.5 12.7+0.1
−0.1 357
+32
−33 330
+33
−33 0.30
−0.03
+0.03 59
+4
−2 1.67
−0.12
+0.05 0.18
−0.02
+0.02 <0.300
2342 + 089 J234433.00 + 091039.4 0.7233 34.5 −22.8 12.7+0.1
−0.1 390
+30
−31 346
+29
−30 0.10
−0.01
+0.01 37
+3
−3 0.92
−0.07
+0.08 0.11
−0.01
+0.01 1.480 ± 0.050
2343 + 125 J234628.21 + 124859.9 0.7148 84.4 −21.8 12.2+0.2
−0.2 270
+36
−27 231
+34
−25 0.36
−0.04
+0.05 56
−4
+3 1.52
+0.12
−0.09 0.24
−0.04
+0.03 <0.005
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Table 1—Continued
(1) (2) (3) (4) (5) (6) (7)a (8)a (9)a (10)a,b (11)a (12)a (13)
Field J-Name zgal D Mr logM h/M⊙ V
max
c Rvir ηv Rc ηc Rc/Rvir Wr(2796)
[kpc] (ab) [km s−1] [kpc] [kpc] [A˚]
2343 + 125 J234628.21 + 124859.9 0.7313 32.5 −19.8 11.4+0.4
−0.2 154
+53
−20 124
+48
−18 0.26
−0.04
+0.07 83
−8
+4 0.39
+0.04
−0.02 0.67
−0.26
+0.11 1.655± 0.006
SDSS J234949.61 + 003535.39 0.2778 31.8 −20.5 11.9+0.3
−0.2 188
+51
−24 168
+51
−24 0.19
−0.03
+0.04 111
−8
+5 0.29
+0.02
−0.01 0.66
−0.20
+0.11 0.350± 0.020
aUncertainties are based upon uncertainties in the virial masses (column 6). For some quantities a larger (smaller) virial mass results in
smaller (larger) value, so that the uncertainties anti-correlate.
bBecause the slope of Rc changes sign as function of virial mass, where the slope is positive the uncertainties correlate and where the slope
is negative they anti-correlate (see Figure ??). In the narrow virial mass ranges where the slope of Rc changes sign, it is possible that both
the upward and downward uncertainties in virial mass can result in an upward (or downward) uncertainty in Rc.
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